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 Lignin is a complex, aromatic polymer abundant in cellulosic biomass (trees, 
switchgrass etc.). Thermochemical breakdown of lignin for liquid fuel production results 
in undesirable polycyclic aromatic hydrocarbons that lead to tar and soot byproducts. The 
fundamental chemistry governing these processes is not well understood. We have 
studied the unimolecular thermal decomposition mechanisms of aromatic lignin model 
compounds using a miniature SiC tubular reactor. Products are detected and characterized 
using time-of-flight mass spectrometry with both single photon (118.2 nm; 10.487 eV) 
and 1 + 1 resonance-enhanced multiphoton ionization (REMPI) as well as matrix 
isolation infrared spectroscopy. Gas exiting the heated reactor (300 K — 1600 K) is 
subject to a free expansion after a residence time of approximately 100 µs. The expansion 
into vacuum rapidly cools the gas mixture and allows the detection of radicals and other 
highly reactive intermediates. By understanding the unimolecular fragmentation patterns 
of phenol (C6H5OH), anisole (C6H5OCH3) and benzaldehyde (C6H5CHO), the more 
complicated thermocracking processes of the catechols (HO-C6H4-OH), methoxyphenols 
(HO-C6H4-OCH3) and hydroxybenzaldehydes (HO-C6H4-CHO) can be interpreted. These 
studies have resulted in a predictive model that allows the interpretation of vanillin, a 
complex phenolic ether containing methoxy, hydroxy and aldehyde functional groups. 
This model will serve as a guide for the pyrolyses of larger systems including lignin 
monomers such as coniferyl alcohol. The pyrolysis mechanisms of the 
dimethoxybenzenes (H3C-C6H4-OCH3) and syringol, a hydroxydimethoxybenzene have 
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also been studied. These results will aid in the understanding of the thermal 
fragmentation of sinapyl alcohol, the most complex lignin monomer.  
 In addition to the model compound work, pyrolyisis of biomass has been studied 
via the pulsed laser ablation of poplar wood. With the REMPI scheme, aromatic lignin 
decomposition products are directly and selectively detected. A number of these products 
are the lignin model compounds listed above, providing a direct link between the model 
compound studies and the pyrolysis of actual biomass. 
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Chapter 1 
 
Introduction 
 
 
I. The Potential of Biomass as a Liquid Fuel Source 
 Petroleum based fuels have been the dominant form of transportation energy 
worldwide for more than a century. Long term government and industry investment into 
the research and development of the petroleum fuel cycle has resulted in a highly 
efficient, well characterized process, from oil extraction and refining to the fundamental 
chemistry governing combustion. However, rising oil prices, uncertainty in the oil 
supply, the need for energy independence and concern over global climate change have 
made finding an alternative source of liquid fuels a high national priority. Biomass, such 
as wood chips, switch grass and corn stover (cobs, stalks and leaves) is an abundant, 
renewable resource that can be generated locally and could substitute for petroleum in a 
carbon-neutral cycle.  
 Currently biomass supplies 10-14% of the world’s energy supply.1 However the 
majority of this simply entails burning biomass for heat. The more complex process of 
converting biomass to transportation fuel is currently technically feasible, but still 
requires considerable research and development to improve efficiency and lower costs. If 
biomass-derived liquid fuels become cost competitive with petroleum, a full third of the 
United Stated transportation energy demand could be met.2 Currently, two principle 
means of liquid fuel production from biomass are garnering heavy investment. These two 
methods are known as biochemical conversion and thermochemical conversion and are 
discussed below.  
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 Each type of potential biomass feedstock has a slightly different molecular 
composition. These inconsistencies can have a significant impact on conversion 
efficiencies and overall process economics.3 Ideally, a single species of plant material 
would be utilized for an entirely predictable and optimized fuel refining process.  
However, a budding biofuel industry will not have the benefit of an established 
infrastructure to supply uniform feedstock. Also, because of different growing conditions, 
different types of biomass crops will thrive more readily in different areas. Therefore, 
biorefineries must have procedures to handle many different types of biomass. This will 
require continued investment in primary research and development at both the laboratory 
and refinery scale.  
 Initially, feedstocks will consist largely of agricultural and timber wastes from the 
current grain and logging infrastructures.4 Oak Ridge National Laboratory estimates that 
more than 500 million tons of dry biomass is currently available and deliverable for less 
than $65/ton. That is enough to produce more than 56 billion gallons of ethanol with a 
feedstock cost of 56 cents/gallon (2011 rate).5 After this readily available initial stock is 
consumed and the cellulosic ethanol infrastructure surpasses the capacity to convert 
annual non-food biomass generated from grain production, energy crops can fill the 
remaining feedstock demand. Energy crops, like switchgrass and miscanthus, grown 
specifically for conversion to ethanol, may prove to be the most economical feedstocks. 
A recent study of the perennial switchgrass crop grown on established switchgrass 
farmland showed the crop to have an energy ratio of greater than five6 (produced ethanol 
combustion energy/petroleum input energy), much greater than fermenting the simple 
sugars of corn kernels. That process, known as corn ethanol production, is the most 
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common means of agricultural ethanol production and has an estimated energy ratio of 
approximately 1.3.7 Furthermore, because grassy crops like switchgrass can be grown 
with marginal soil, their production will not have a significant impact on food prices.6 
 
II. The Chemical Structure of Biomass  
 
 Unlike crude oil, which contains of a mix of well-characterized alkanes and 
aromatics that are readily separable by distillation, biomass is a complex structure of 
interlinked cellulose, hemicellulose and lignin. Different plant species contain different 
ratios of these three principle components. For instance, poplar wood is a mix of 
approximately 45% cellulose, 20% hemicellulose and 25% lignin. In contrast, the 
proportions of both cellulose and lignin in switchgrass are lower while the hemicellulose 
content is higher.3 An effective conversion process must use all three components of 
biomass and would ideally be insensitive to proportionality.  
A. Cellulose: Cellulose is the most abundant biopolymer in the world. It is a 
polysaccharide consisting of strands of glucose molecules. The cellulose monomer is 
cellobiose (C12H22O11), two cellulose moieties linked by a β(1→4) bond. The hydrogen 
bonding network between individual strands of cellulose promotes crystalline formation.3 
Figure 1 shows the interlinking of two cellulose strands by hydrogen bonding. Hydrogen 
bonds are shown as dashed lines. Cellulose contains both inter- and intrachain hydrogen 
bonds, which are both on the order of 3 kcal/mol.8 In comparison, a typical carbon-
carbon single bond dissociation energy is approximately 90 kcal/mol.9 
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Figure 1. The chemical structure of cellulose. 
 
B. Hemicellulose: Hemicellulose is also a polysaccharide, but unlike cellulose, 
contains a number of different monomeric sugar units including pentose sugars. The 
hemicellulose structure is not rigid like cellulose. Different forms of biomass will contain 
different amounts and particular structures of hemicellulose.10 
C. Lignin: Lignin is a three dimensional anisotropic polyphenoic polymer that 
provides plant cell walls rigidity. A number of diagnostic tools have been used to 
characterize and map the detailed chemical structure of lignin. Wet chemistry techniques 
have provided information on the number and types of functional groups present in 
different types of lignin.11 Recently several NMR techniques have been developed that 
allow the determination of more precise structural information.3 An example of the 
chemical structure of lignin is provided by Reale et al.12 and is reproduced here in Fig. 2. 
 Hydroxy and methoxy groups bound to phenyl rings are prevalent throughout the 
macromolecule. Three monomer units are most prevelant in the biosynthesis of lignin, p-
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. These are shown in Scheme 1 
and are discussed further in Chapter 3. Hardwood lignins are derived primarily of the 
coniferyl alcohol and sinapyl alcohol subunits while softwoods principally derived from 
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the p-coumaryl alcohol subunits.3 The cellulose, hemicellulose and lignin components of 
biomass respond differently to a given fuel conversion process. 
 
Figure 2. An example of the chemical structure of lignin.12 
 
 
Scheme 1:  
The three lignin monolignols. 
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III. Alcohol Fuel Production from Biomass 
A. Biochemical Conversion: Certain microbes, or microscopic organisms, have 
evolved the ability to deconstruct cellulose into simple carbohydrates. These microbes 
can be utilized in the first step of breaking down biomass. In this step, acid is used in 
conjunction with specific enzymes, to decompose the complex cellulosic polysaccharide 
skeleton. Yeast and/or bacteria is added to ferment the resulting glucose and other simple 
sugars into ethanol and other alcohols. The alcohols are then separated and purified by 
distillation. Though each of these steps is currently the focus of extensive research 
intended to perfect the entire process, a great deal still must be learned to improve this 
method.4  
During fermentation processes the initial conversion of polysaccharides to 
accessible sugars is one of the primary obstacles for practical and large scale biofuels 
production.13 The conversion of plant polysaccharides to accessible sugars is inherently 
difficult.13-15 This resistance of biomass to microbial breakdown is commonly referred to 
as biomass recalcitrance and various pretreatments are often employed accelerate the 
process. Though such pretreatments can be successful, many are too expensive to be 
practical. Furthermore, the rigid lignin structure limits accessibility of polysaccharides to 
enzymatic digestion or other bioconversion processes.16 Engineering effective microbial 
decompositions of hemicelluloses can be particularly difficult due to the number of 
different sugars present.3 Furthermore, biochemical conversion processes can produce 
ethanol from cellulose and hemicellulose, but will not convert lignin. 
B. Thermochemical Conversion: Pyrolysis, or gasification is the thermal breakdown 
of a substance in the absence of oxygen. Biomass, including lignin, largely pyrolizes to 
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synthesis gas or syngas (H2 + CO) that can be used to synthesize butanol, ethanol and 
other liquid fuels. One major advantage of pyrolysis is that cellulose, hemicellulose and 
lignin are all readily convertible. Pyrolysis is also much less sensitive to the particular 
type of biomass used. However, in biomass pyrolysis vapor, growth of very stable 
polycyclic aromatic hydrocarbons (PAHs) removes valuable carbon from the system. 
Such PAHs can grow into macroscale particles and eventually form tars that can clog 
industrial equipment and necessitate expensive cleanup procedures. The formation and 
importance of PAHs is discussed further in Chapter 4. 
 The thermochemical conversion of biomass is necessary to generate ethanol from 
the lignin and other non-carbohydrate plant materials. Since the lignin is not easily 
separated before arriving at the biorefinary, it can be economically beneficial to employ 
both fermentation and gasification processes at the same location. Furthermore, the lignin 
and bio-wastes remaining after the biochemical decomposition of the cellulose and 
hemicellulose can be used as fuel that when burned provide the plant electricity and heat 
the gasifiers converting the remaining excess lignin to syngas.4  
 
IV. Laser Ablation and Lignin Model Compounds 
 The fundamental chemistry governing the thermal fragmentation of lignin and 
growth of PAHs in biomass pyrolysis gas is not well understood. To gain insight into 
these phenomena, we have employed two different distinct experiments. The first, 
presented in Chapters 2 and 3 is laser ablation of actual biomass samples. In the resulting 
biomass pyrolysis gas, we detect a number of aromatic products from the decomposition 
of lignin.  
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 The second class of experiments we have conducted involves studying the 
unimolecular thermal decomposition mechanisms of aromatic lignin model compounds 
using a miniature silicon carbode tubular reactor. By understanding the unimolecular 
fragmentation patterns of phenol (C6H5OH; Chapter 4), anisole (C6H5OCH3; Chapter 5) 
and benzaldehyde (C6H5CHO; Chapter 7), the more complicated thermocracking 
processes of the methoxyphenols (HO-C6H4-OCH3; Chapter 6), catechols (HO-C6H4-OH; 
Chapter 8), and hydroxybenzaldehydes (HO-C6H4-CHO; Chapter 7) can be interpreted. 
These studies have resulted in a predictive model that allows the interpretation of vanillin 
(Chapter 7), a complex phenolic ether containing methoxy, hydroxy and aldehyde 
functional groups. The relationship between these compounds is shown in Scheme 2 in 
which complexity builds from phenyl rings containing one functional group to the 
complicated aryl ether molecule vanillin. This model will serve as a guide for the 
pyrolyses of larger systems such as coniferyl alcohol and sinapyl alcohol shown in 
Scheme 1. In Chapter 9 we study the sinaply alcohol moldel compounds, the 
dimethoxybenzenes (H3CO-C6H4-OCH3) and syringol which is m-dimethoxybenzene 
with a hydroxy group in the 2 position. This research will set the table for more detailed 
mechanistic studies of the fundamental chemistry governing lignin pyrolysis. The 
ultimate goal of this work is to understand and control PAH formation in lignin 
pyrolyisis. If this can be achieved, the costly industrial steps necessary to clean up soot 
and tars would be reduced or eliminated, making liquid fuel production from the 
thermochemical conversion of biomass much more cost competitive with petroleum. 
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Scheme 2 
V. A Thermochemistry Example: 
 It is difficult to overstate the importance of fundamental thermodynamics as a 
principal guiding force in pyrolysis reactions. Throughout this record, important 
thermochemistry of reactions is reported. Often the mathematics behind the derivation of 
the values given are omitted or included in footnotes. Here we give a thorough example 
of a simple thermodynamic analysis to determine the bond dissociation energy at 
standard conditions (T = 298 K) DH298, for the O-CH3 bond in gas phase anisole (Scheme 
2). This reaction (reaction 1) is established in Chapter 5 as the primary anisole thermal 
decomposition mechanism and its analog will be important in numerous unimolecular 
thermal fragmentation mechanisms of more complicated molecules presented throughout 
this work. 
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  (1) 
The heats of formation of atomic hydrogen, methyl radical, phenol and anisole are all 
well established (Table 1).  
Table 1: The heats of formation at standard conditions of the indicated species. 
 
 ΔfH298/kcal mol-1 Ref. 
H 52.1 ± 0.0 Gurvich et al.17 
CH3 35.1 ± 0.1 Ruscic et al.18 
Phenol (C6H5OH) -23.0 ± 0.2 Pedley et al.19 
Anisole (C6H5OCH3) -16.2 ± 0.2 Pedley et al.19 
 
The heat of reaction (ΔrxnH298) of hydrogen loss from phenol to form phenoxy radical 
(reaction 2) is also known. Because the reaction is a simple homolytic bond cleavage, the 
heat of reaction is equal to the bond dissociation energy; ΔrxnH298 = DH298. This is true for 
both reactions 1 and 2. For reaction 2, ΔrxnH298(2) = DH298(2) = 87.3 ± 0.5 kcal/mol20 
  (2) 
The heat of reaction can be equated to the difference in heats of formation of products 
and reactants as in eq. 3 for reaction 2 (Hess’ Law). 
ΔrxnH298(2) = ΔfH298(H) + ΔfH298(C6H5O) - ΔfH298(C6H5OH)              (3) 
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Because the heat of reaction 2 is known as well as the heats of formation of phenol 
(C6H5OH) and hydrogen atom, the heat of formation of phenoxy radical, ΔfH298(C6H5O), 
can be determined and is found to be 12.2 ± 0.5 kcal/mol where the errors are added in 
quadrature. 
 Having established ΔfH298(C6H5O), the heat of reaction 1 can be determined. 
Using eq. 4 and values from table 1,  
ΔrxnH298(1) = DH298(C6H5O-CH3) = ΔfH298(CH3) + ΔfH298(C6H5O) - ΔfH298(C6H5OCH3)    
(4) 
ΔrxnH298(1) = DH298(C6H5O-CH3) is found to be 63.5 ± 0.6 kcal/mol. For a much more 
thorough analysis of bond dissociation energy determinations and the thermochemistry of 
chemical reactions, see reference 9. 
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Chapter 2 
Experimental Design 
 
I. Introduction 
 A great body of work has been devoted to understanding how molecules break 
down under thermal stress. Complicated kinetics govern the concentrations of reactants 
and products.21 This area of physical chemistry has been essential in the design and 
implementation of large scale petroleum refineries and is being brought to bear on liquid 
fuel production from biomass pyrolysis. Though great strides have been made, much of 
the effort has been focused on long time scale (> 10 ms) reactions. Such research 
provides valuable data on final product distributions and often yields quantitative 
kinetics. Many times, unimolecular reaction schemes are reported that are central to 
kinetic interpretations. Yet with ms or longer reactor residence times, the actual 
unimolecular decomposition products are not detected due to extensive bimolecular 
chemistry.22 
 Along with long residence times, another major issue in the mapping of an 
accurate stepwise unimolecular fragmentation patterns is intrusive detection schemes. For 
example, gas chromatography (GC) or gas chromatography combined with mass 
spectroscopy (CGMS) are often used to detect products. These schemes can be excellent 
tools for the detection of stable products, but reactive species will not have sufficient 
lifetimes in the chromatography column during the separation phase due to hydrogen 
extractions and other wall reactions. 
 The challenge in describing a unimolecular thermal decomposition pathway that 
may include several individual steps, numerous products and multiple reaction channels 
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is to fabricate a reactor with a very short residence time (≤ 100 µs) that is coupled to a 
detection scheme allowing the observation of important reactive chemical intermediates. 
A unimolecular gas phase fragmentation can take place on the order of the period of a 
molecular vibration (picoseconds or less). If a molecule has internal energy greater than 
that required for a fragmentation channel, the probability of its decomposition along that 
particular channel rises exponentially with temperature (assuming other channels are 
minor). Therefore, incorporating the added dimension of fine temperature control is also 
an essential characteristic of such an experiment as important reactive species may only 
have a small temperature-time window in which sufficient lifetimes exist.  
 With the assistance of Donald David and the Integrated Instrumental 
Development Facility at the Cooperative Institute for Environmental Studies, we have 
designed and built an apparatus to detect the products of unimolecular thermal 
decompositions. Both photoionization mass spectrometry and matrix isolation infrared 
spectroscopy are used as detection schemes. This apparatus can also be coupled to a laser 
ablation scheme designed to study the pyrolysis of an actual biomass sample. Details of 
the experimental setup are given below. 
 
II. Experimental Components 
A. Hyperthermal Silicon Carbide µTubular Reactor: Our chemical reactor is 
based on the original design of Chen.23-28 The reactor is a 3.75 cm long, 1 mm inner 
diameter, silicon carbide tube. The SiC tube is inserted into two carbon discs that contain 
centered 1.3 mm diameter holes. The outer diameter of the carbon discs is 7 mm and they 
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are latched into place by molybdenum clips. This ensemble is held in place by a 1 cm 
diameter alumina cylinder. This reactor ensemble is shown in Fig. 1.  
 
 
Figure 1. A Solid Works® diagram of the silicon carbide µtubular reactor, carbon discs, 
molybdenum electrodes and alumina cylinder ensemble. The pulse valve and poppet are shown to 
the left. The heated portion of the µtubular reactor is shown in red. 
 
 Copper wires are attached to the Mo clips and complete a circuit with a standard 
variable transformer. With the addition of a thin layer of graphite, the SiC tube can be 
resistively heated to 1700 K with approximately 1-4 A. The temperature of the outer wall 
of the µtubular reactor is monitored by a type C thermocouple and can be maintained to ± 
10 K. Because of variations in quality of thermocouple contact with the tubular reactor 
upon replacement, we report absolute temperatures on the outside of the tubular reactor to 
± 100 K. Because the carbon discs holding the µtubular reactor make contact with the 
tube some distance from the ends, as shown in Fig. 1, the heated region is less than 3.75 
cm. The disc placements vary somewhat with each installation, but on average the heated 
region is approximately 2.0 – 2.5 cm. The remainder of the tube is conductively warmed. 
The alumina cylinder housing the SiC tube prevents excessive radiative heat loss and 
protects other fragile components.  
 15 
 The µtubular reactor and alumina cylinder ensemble shown in Fig. 1 is mounted 
in a cylindrical orifice drilled into a stainless steel faceplate containing a 0.25 mm 
diameter circular aperture centered at the SiC tube opening. A spring-loaded solenoid 
pulsed valve that controls the back and forth motion of a poppet that opens and closes the 
0.25 mm diameter aperture is mounted immediately before the faceplate. Samples that 
have sufficient vapor pressure at room temperature (approximately 1 Torr or greater) are 
mixed with noble carrier gas (2000 Torr He for photoinization experiments; 900 Torr Ar 
for matrix isolation) in an external reservoir. This gas mixture backs the solenoid pulse 
valve. Samples with insufficient room temperature vapor pressures are loaded in a small 
quartz tube and inserted immediately before the valve where they are heated 
appropriately using a sample probe. The sample probe contains a small resistive heater 
and a type K thermocouple to monitor the temperature. The valve is wrapped by a 
resistive heater and can be warmed to 150 °C. Type K thermocouples are also used to 
monitor the valve and valve faceplate temperatures. In the photoionization experiments, a 
water-cooled flange protects the valve and other delicate internal components from 
conductive heating. In the matrix reactor setup, a water-cooled shroud makes thermal 
contact with the valve faceplate. 
 For the photoionization experiments, the lasers and valve are operated at 30 Hz, 
creating a pulsed molecular beam. Experiments using a microphone to detect the sound 
waveform emitted by the poppet opening and closing the aperture show that the valve 
opening time is 1.3 ms. Gases exiting the µtubular reactor emerge in an under-expanded 
jet at roughly 10-5 Torr. The translational, vibrational, and rotational temperatures drop 
rapidly within a few reactor diameters, quenching all reactive chemistry. The dynamics of 
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pyrolysis and gas transport through the SiC µtubular reactor are poorly characterized. 
Preliminary computational fluid dynamics29 simulations estimate that the gas pressure in 
the µtubular reactor is about 10% of the stagnation pressure. Inside the reactor, there is a 
range of temperatures as the gas is heated by the walls. As a result, there is a residence 
time distribution and not all molecules see the same “temperature-time” history. 
However, as the gas approaches the tube exit, it is fairly uniformly heated such that the 
centerline temperature is within 100 – 200 K of the wall temperature. From simulations29 
of the gas velocity, we estimate the residence time within the heated SiC tube to be 
roughly 50 — 100 µsec. 
A skimmer is used to select the forward traveling component of the expansion, 
creating a well-collimated beam. The gas is also pulsed for the matrix isolation infrared 
experiments, but at varying rates depending on the specific application. The heated 
µtubular reactor has been used in multiple prior studies of important reactive species and 
has been coupled with several different detection methods.27,28,30-38 There is no evidence 
for reactions at the hot SiC wall. No reactions of CD3 or other radicals with the walls 
were observed in experiments with perdeuterated-anisole (C6D5OCD3)37 or 
perdeuterated-acetaldehyde (CD3CDO).38 In both cases, the decomposition chemistry 
mirrored that of the non-deuterated species without exception.  
 
B. Single Photon Ionization Mass Spectrometry (PIMS): A schematic of the 
photoionization spectroscopic detection schemes coupled with the µtubular reactor is 
given in Fig. 2.  
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Figure 2. A Solid Works diagram of the reactor and photoionization time-of-flight detection 
schemes. Alternatively, reactor effluent can be frozen in an Ar matrix on a CsI window and 
products detected by infrared spectroscopy. 
 
The molecular beam enters the ionization region of a reflectron time-of-flight mass 
spectrometer (Jordan) discussed below. The 9th harmonic of a Nd:YAG laser (λ0 = 118.2 
nm or 10.487 eV) is generated by taking the 3rd harmonic (355 nm) of the Nd:YAG 
(Spectra Physics) through an Ar/Xe tripling cell39 and is used to ionize the beam. Most 
organic molecules have ionization energies of less than 10.5 eV and are thus observable 
in the PIMS experiment. However, certain small molecules like CO and methane (CH4) 
have ionization potentials too high to be overcome by the 9th harmonic of a Nd:YAG 
laser and therefore are not detected in the PIMS experiment. Many molecules of interest 
have ionization energies of 7.5-10.0 eV and upon absorption of a 10.487 eV photon will 
have the corresponding amount of extra internal energy. This can cause dissociative 
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photoionization and result in fragmentation of the ion in the ionization region or flight 
tube prior to detection. Most molecules in this work are insensitive to dissociative 
photoionization. Specific cases will be treated accordingly throughout the text.  
The PIMS beam is fired at an angle of 90° from the direction of the molecular 
beam. Data acquisition and signal averaging are performed using Labview software. The 
individual PIMS mass spectra shown in the figures are composite averages of 2000-
10000 individual mass spectra.   
 
C. 1 + 1 Resonance Enhanced Photoionization Mass Spectrometry (REMPI): 
The third harmonic (355 nm) of a Nd:YAG laser (Spectra Physics) is used to drive an 
optical parametric oscillator (OPO; versascan/MB, GWU) with a wavelength range of 
500 – 710 nm. The light emitted by the OPO then enters a frequency doubling stage 
(GWU) resulting in a final, tunable range of 250 – 355 nm (3.50 – 4.97 eV) with an 
instrumental line width of 6.5 cm-1. The REMPI beam is fired at an angle of 45° from the 
direction of the molecular beam.  
In REMPI, a photon from the tunable laser resonantly excites a ground electronic 
state (S0) of a molecule to an excited vibronic level in the S1 state. An additional photon 
is then absorbed to ionize the electronically excited molecule. Selectivity in 1 + 1 REMPI 
is achieved if three primary conditions are met. First, a molecule must have an 
electronically and/or vibrationally excited state accessible by the REMPI laser. Second, 
that resonance must have sufficient lifetime (greater than approximately 1 ns) to allow 
absorption of a second ionizing photon. Third, because the 1 + 1 REMPI scheme involves 
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two photons of the same energy, it is limited to the detection of ions via resonances at 
energies greater than half the ionization potential of a molecule.40 
The 1 + 1 REMPI technique is suitable for analyzing most aromatic compounds 
because they have accessible vibronic levels of the excited intermediate states (S1), with 
energies commonly exceeding half of their ionization potentials (IPs). For example, the 
lowest singlet-singlet (S1 ← S0) transition of benzene is near 259.1 nm (4.79 eV) which is 
easily observed with 1 + 1 REMPI because the ionization energy (IE) of benzene is 9.24 
eV.41 However, most small aliphatic compounds and, particularly important to this work, 
five-membered rings, do not match the above conditions and are thus not detected. The 
cooling of the molecular beam by expansion through the µtubular reactor, reduces 
vibrational and rotational excitation in the products. This enhances the sensitivity of the 
REMPI experiment because a high percentage of molecules in the beam will be in the 
ground state, thus eliminating hot bands that would effectively shift the resonance energy.  
For REMPI experiments, data acquisition and signal averaging are performed 
using Labview. Each data point comprising the REMPI wavelength scans are composite 
averages of 150-200 individual mass spectra. Step sizes of 0.02-0.05 nm are used. The 
reported wavelength scans show the averaged signal from one particular value of m/z. 
Alternatively, the REMPI wavelength can be fixed and mass spectra recorded as in the 
PIMS experiment. 
 
D. Time of Flight Mass Spectrometry: The photoionization mass spectrometer 
consists of three main vacuum chambers; the reactor chamber, an ionization chamber and 
a TOF chamber. The reactor chamber is pumped by a 520 L/s turbomolecular pump 
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(Pfeiffer Vacuum Models TPU 1201) and couples as the ablation chamber for the laser 
ablation experiments discussed below. The ion source and the flight tube are 
differentially pumped by 1200 and 700 L/s turbomolecular pumps (Pfeiffer Vacuum 
Models TPU 1201 and HiPace 700, respectively). During an experiment the pressure in 
the reactor chamber is approximately 10-5 Torr while the ion source and the flight tube 
pressures are approximately 10-6 Torr and 10-7 Torr, respectively.   
In the ionization chamber, the molecular beam travels between repeller and 
acceleration plates where it is intersected by the photoionizing laser beam. The molecular 
beam and the produced ion beam are mutually orthogonal to each other. The ions are then 
focused into the flight tube of the TOFMS (R.M Jordan Co.) where they are separated by 
flight time (see Fig. 1). The TOFMS is used in reflectron mode. For example, in the 
REMPI experiment the repeller and extraction plates are set at 1117 and 665 V, 
respectively. The reflectron voltages are set at 702 and 1137 V. Since the PIMS beam 
intersects the molecular beam in a slightly different location in the ionization chamber, 
small adjustments to voltages are applied to re-optimize the signal.  
The field-free drift region of the flight tube is 180 cm long and mass resolution 
(m/Δm; FWHM) of 1600 at m/z = 78 (C6H6) is attainable. Full-width-at-half-maximum 
peak widths of 0.075 m/z are typical in our mass spectra. Ions produced are detected 
using a three-stage multichannel plate detector (MCP) in a Z-gap assembly with 40 mm 
active diameter. The TOF mass spectra are collected on a 12 bit digitizer PCI card 
(GAGE CS12400) at a repetition rate of 30 Hz and are averaged using Labview. 
Calibration is often performed using propylene (C3H6) and NO. Alternatively, 
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fragmentation from a known pyrolysis mechanism can be used to make minor calibration 
adjustments. 
E. Matrix Isolation Infrared Spectroscopy: The output of the µtubular reactor 
passes through a heat shield aperture plate and is deposited on a CsI window cooled to 20 
K with a two-stage closed-cycle helium cryostat. The µtubular reactor is held 
approximately 2.5 cm from the CsI window. The FTIR beam passes through a pair of CsI 
side windows that flank the APD cryostat shroud. The infrared spectrum of the sample is 
measured using a Nicolet Magna 550 FTIR with a mercury/cadmium/telluride (MCT-A) 
detector. The FTIR scans are composite averages of 1000 scans with a resolution of 0.5 
cm-1. Backgrounds are taken approximately three hours prior to the sample and are also 
composite averages of 1000 scans with 0.5 cm-1 resolution.  
All molecules except for homonuclear diatomics have are active in the infrared. 
(The IR response is dictated by the strength of the derivative of the molecular dipole 
moment with respect to a given vibrational coordinate42) Thus matrix IR spectroscopy 
can detect the small molecule products invisible in the PIMS and REMPI experiments. 
Characteristic vibrational bands excited by the IR light permit the definitive assignment 
of molecular structure. 
 In summary, the three diagnostic tools detailed above used in conjunction with the 
µtubular reactor provide a powerful means to study intricate pyrolysis chemistry on a 
very short timescale. The PIMS experiment is an excellent tool to map the primary 
decomposition channels and to observe major products of the thermal cracking process. 
The 1 + 1 REMPI method is a useful technique to detect aromatic compounds such as 
benzene, phenol, or naphthalene. Large photoionization cross sections associated with 
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resonance states allows detection of trace aromatics resulting from bimolecular reactions. 
Matrix IR spectroscopy is a good structural tool and is a helpful complementary 
technique to the PIMS and REMPI ionization measurements.  
 
III. Laser Ablation 
A. Sample Vaporization Design: Biomass sample pyrolysis is carried out in the 
ablation chamber. The ablation chamber is an 8-way cross consisting of two 8 inch, a 6 
inch and a 2-3/4 inch crosses with corresponding conflate flanges at each port (MDC 
Vacuum products). Figure 3 shows a diagram of the pyrolysis/laser ablation 
photoionization mass spectrometer emphasizing the biomass sample volatilization, 
biomass vapor entrainment, ionization and ion beam detection processes.  
 
Figure 3. A Solid Works diagram depicting the pyrolysis/ablation, sample entrainment, 
ionization and ion beam detection of a section of biomass material. 
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The sample pyrolysis is achieved through two different processes; 1) a custom-built hot 
stage pyrolysis reactor and 2) laser ablation as shown in Fig. 1. For both pyrolysis 
processes, the thin sections of biomass materials are attached by stainless steel washers to 
a circular sample holder made of copper (Cu). The Cu sample holder is 2 mm thick and 
25 mm in diameter with a 0.1 mm deep by 20 mm diameter groove where the biomass 
material is placed. The stainless steel (SS) washers have an outer diameter of 25 mm and 
an inner diameter of 19.5 mm leaving 0.25 mm to press the sample against the sample 
holder. Three holes on the Cu and stainless steel washers are used to secure the sample 
onto the Cu holder.  
During hot stage pyrolysis the entire sample assembly is placed on top of the 
heated plate pyrolyzer as shown in Fig. 1. The hot stage pyrolyzer is made of a stainless 
steel cup housing that is resistively heated with a nichrome wire heating element (Sigma). 
Figure 4 is an expansion of Fig. 3 displaying the components of the hot stage pyrolyzer. It 
shows the nichrome wire heating element inside the stainless steel cup.  
 
Figure. 4. The custom-made hot stage pyrolyzer consisting of a resistively heated 
nichrome wire housed inside a stainless steel cup. 
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The sample holder sits directly above the heating element (as in Fig. 3) and is slowly 
heated from room temperature to 775 K at a rate of approximately 100 K/min. 
Temperature is measured using a type K thermocouple. The sample is vaporized close to 
the exit into the ionization region through a skimmer cone not shown in Fig. 3. The 
temperature is maintained at 775 K for the desired pyrolysis time.  
During laser ablation the sample assembly is arranged in the same way as in Fig. 
3. Laser ablation is achieved using the 355 nm output of an Nd:YAG laser (Spectra 
Physics) operating at 30 Hz with typical pulse energies of 1-5 mJ in an 8 ns pulse 
(FWHM). The ablation laser beam is directed into the ablation chamber through the 2-3/4 
inch cross by a set of aluminum mirrors and is focused by a fused silica lens resulting in a 
200 µm beam spot at the sample (average fluence is approximately 8 J / cm2). The 
ablation spot is set within ten diameters of the He gas orifice, which is 0.25 mm in 
diameter. In this case, plant materials are mounted on a mechanical, linear-rotary motion 
sample holder as depicted in Fig. 3. Translation and rotation are repetitively cycled, 
ensuring that a fresh plant tissue surface is exposed to laser pulses and producing a spiral 
pattern on the plant target. The sample holder is attached to a rotating DC-micromotor 
(1524E006SR series, Faulhuber) sitting on a movable stage. The angular speed of the 
micromotor is directly proportional to the applied voltage allowing regulation of the 
number of laser pulses hitting the same spot on a sample. A motorized actuator (Z612, 
Thorlabs) driven by a T-Cube DC Servo Controller (TDC001, Thorlabs) is used to 
translate the movable stage. The T-cube can either be operated manually using jog 
buttons on top of the unit or as for our experiments, automatically via a USB connection 
to a computer loaded with its software. It can be translated up to 12 mm with a minimum 
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step size of 0.1 mm and a speed range of 50-425 µm/s and can carry a maximum load of 
9 kg. When in automatic operation, the software allows complete motion control of 
various parameters through its graphical user interface, for instance velocity profile 
settings, limit switch handlings, motor speed and direction, as well as more advanced 
settings such as leadscrew pitch and gearbox ratio. The ability to control these parameters 
allows tracing and targeting plant tissues consisting of similar groups of cells, such as 
tree growth rings, for laser ablation.  
In both volatilization cases the entire sample assembly is placed directly in front 
of an orifice of a solenoid pulsed valve (Series 9, General Valve) to cool and entrain the 
cloud of ablation or pyrolysis products in a free jet expansion of He. The pulse valve 
emits 1.3 ms gas pulses at a repetition rate of 30 Hz. The entrained products are then 
directed into the ionization chamber through a 1 mm diameter nickel conical skimmer 
(not shown in Fig. 3) with a 45o angle tip.  
 
B. Laser Ablation REMPI-TOFMS Timing Sequence: The timing between the two 
lasers (ablation and ionization) and the nozzle firing is controlled by two digital delay 
generators (Stanford Research Systems DG535). Figure 5 shows the timing of triggering 
pulses in the LA-REMPI-TOFMS experiment. The first digital delay generator sends an 
initial pulse to trigger the flashlamp of the ablation laser. Q-switching then occurs after a 
185 µs delay and the ablation laser fires. A triggering pulse is then sent to the solenoid 
valve to emit a gas pulse 400 µs after the ablation laser fires. Another signal is also sent 
to trigger the flashlamp of the ionization laser and similarly Q-switching occurs after a 
185 µs delay. The ionization laser then fires 480 µs after the ablation laser fires.  
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Figure. 5. The timing sequence of triggering pulses for the volatilization laser, the gas pulse and 
the ionization laser in the LA-REMPI-TOFMS experiment. 
 
The timing between the laser ablation and the pulse valve firing is set so as to 
entrain the maximum biomass material in the free jet expansion of He. This was achieved 
through measuring the REMPI signal of Fe atoms as a function of the delay time between 
the pulsed valve and the ablation laser pulse. In this experiment a stainless steel disk was 
mounted on the sample holder and the same UV (355 nm) laser beam was used for 
ablation. A series of Fe beam profile measurements were made at a REMPI wavelength 
of 280 nm while varying the delay time between firing the pulse valve and the ablation 
laser pulse. The time delay corresponding to the biggest Fe ion signal was then used for 
the biomass experiments. On average a complete biomass LA-REMPI-TOFMS spectrum 
is recorded in 10 seconds (300 shots) averaging 10 laser shots per ablation spot. The TOF 
mass spectra are calibrated at the beginning and at the end of the laser ablation 
experiment by using benzene, C6H6 m/z = 78, and anisole, C6H5OCH3 m/z = 108, and 
their flight times are used to construct a calibration curve. 
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Chapter 3 
Laser Ablation of Biomass: Aromatic Lignin Pyrolysis Products  
 
I. Introduction 
Lignin is a high molecular weight phenolic polymer with very low vapor pressure, 
which makes it difficult to analyze using conventional gas chromatography (GC) 
methods. Developing experimental techniques to characterize lignin at a molecular level 
is an important research objective to better understand biomass pyrolysis. The detection 
and identification of aromatic hydrocarbons originating from lignin pyrolysis can help 
elucidate polycyclic aromatic hydrocarbon precursors and formation pathways.  
 Analytical pyrolysis techniques, pyrolysis gas chromatography (py-GC), pyrolysis 
gas chromatography mass spectrometry (py-GCMS) and pyrolysis molecular beam mass 
spectrometry (py-MBMS) have been used to characterize biomass materials.43 In these 
experiments biomass is heated in the absence of oxygen to generate pyrolysis products, 
which are then separated and analyzed by gas chromatography mass spectrometry 
(GCMS) or molecular beam mass spectrometry (MBMS). A principle goal of these 
studies is to deduce the chemical structure or composition of the starting biomass 
material based on the observed pyrolysis products. The py-GCMS technique has been 
applied to determine lignin content and changes in lignin structure of biomass 
materials.44-47 The py-MBMS technique has been used to determine the composition of 
many biomass materials.48-52  
 A variety of ionization methods have been coupled with these techniques. 
Electron impact (EI) ionization is the most commonly employed method for obtaining a 
fingerprint of the sample. Typically, EI uses 70-eV electrons that cause extensive 
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fragmentation of the target molecule. In some cases the fragmentation is so severe that 
parent peaks are not observed. Such extensive fragmentation can result in loss of 
chemical information and sensitivity. Fragmentation can be decreased by using low-
energy EI to enhance mass spectrometric efficiency. However, this technique suffers 
from low ion signals and can result in overlapping isomers.44,48-50 In addition, EI is 
nonselective and is thus unsuitable for analyzing complex mixtures including trace 
compounds. These limitations of EI inspired the utilization of soft ionization or 
fragmentation free methods that include chemical ionization (CI), field ionization (FI), 
matrix assisted laser desorption and ionization (MALDI), electron spray ionization (ESI) 
and photoionization (PI). Many of these soft ionization methods can generate molecular 
ions from unstable compounds with little to no fragmentation53-58 and have been used 
successfully to detect biomolecules and other labile compounds. Recently, synchrotron 
vacuum ultraviolet photoionization mass spectrometry coupled with a furnace56 or IR 
laser desorption57,58 has been used to obtain pyrolysis product profiles of several parent 
species.  
 Resonance-enhanced multiphoton ionization (REMPI) carried out under free jet 
expansion conditions combined with time-of-flight mass spectrometry (TOFMS) has 
been shown to improve the ionization efficiency of aromatic hydrocarbons originating 
from biomass materials.40,59-62 In contrast to ionization techniques requiring a 
synchrotron, REMPI is relatively inexpensive and can be employed on a small laboratory 
scale. Further, REMPI does not ionize most background gases (N2, O2, CO2, He and 
H2O), resulting in mass spectra that are easy to interpret.  
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Resonance-enhanced multiphoton ionization under supersonic jet conditions is a 
gas phase technique, which makes it difficult to employ for studies of lignin and other 
low vapor pressure cell wall constituents or metabolites. As alluded to earlier, pyrolysis 
can be used to volatilize such compounds, producing fragmentation products 
characteristic of the target compound. If pyrolysis is not carefully controlled, these 
products may react with each other to form undesirable secondary products. Such 
secondary chemistry greatly complicates correlating fragments with the structure of the 
target compound and can cause poor experimental reproducibility. Therefore it is 
essential to develop techniques in which secondary reactions are minimized.  
Laser based vaporization techniques can also be used to volatilize such low vapor 
pressure biomass materials while keeping secondary reactions to a minimum. Matrix 
assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOFMS) 
has been used to determine lignin and hemicellulose structures.12,63-65 However, this 
method suffers from low sensitivity because the biomass material is volatilized and 
ionized by a single laser pulse. There is no way of optimizing desorption and ionization 
processes independently. Laser ablation (LA) combined with photoionization time-of-
flight mass spectrometry allows for independent optimization of desorption and 
ionization. In addition, LA has many advantages over the conventional pyrolyzers such as 
microfurnace, inductively heated (Curie-point) and resistively heated filament lamps. 
Minimum sample preparation time is required for LA and small sample sizes are 
sufficient. A laser can be used to target specific plant tissues or groups of similar cells 
without contaminating neighboring tissues (cells) within the same plant material. The 
laser is also able to heat small specific areas in a sample uniformly and the rapid heating 
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rates ensure the selected areas achieve their final temperature before the onset of sample 
degradation.  
Laser ablation under supersonic expansion has been successfully applied to study 
inorganic atoms and molecules including as metal clusters.66-73 This technique was 
extended to study organic compounds using laser desorption in combination with 
REMPI.74-76 The results showed that REMPI is a soft and selective method for measuring 
several polycyclic aromatic hydrocarbons, amino acids and peptides. In pioneering work, 
REMPI in combination with IR-laser desorption was applied to characterize lignin model 
compounds and cotton milled wood lignin.60 In this study, an IR pulse from a CO2 laser 
(10.6 µm) with a pulse duration of 10 µs was used. The desorption beam was focused to a 
1.5 mm2 spot size on a static sample. With this setup, the selectivity of REMPI as an 
ionization scheme for aromatic hydrocarbons in pyrolysis vapors was demonstrated. 
As described in Chapter 2, we have designed and developed a laser 
ablation/pulsed sample introduction/mass spectrometry platform that integrates pyrolysis 
and/or laser ablation with laser ionization reflectron time-of-flight mass spectrometry 
(TOFMS). This was inspired by the laser ablation experiment for studying clusters of Cu, 
Mo, and other metals by Smalley and co-workers.66-69 We have used our apparatus to 
measure lignin pyrolysis products in different biomass materials. Pyrolysis is achieved 
through two methods: a custom-built hot stage reactor and laser ablation by the third 
harmonic (355 nm) of an Nd:YAG laser. Our laser beam has a pulse duration of 8 ns and 
can be focused to 0.03 mm2. The short duration ensures very fast heating rates that will 
limit secondary reactions. The small spot size allows us to study localized plant tissues 
with the same cell types, for instance individual growth rings in a tree section or veins in 
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a leaf. We have built a translational/rotational stage that provides fresh plant tissue 
surface for each ablation pulse. Biomass vapor ionization is achieved through 1 + 1 
REMPI using various wavelengths. We designate the combination of laser ablation with 
resonance-enhanced multiphoton ionization time-of-flight mass spectrometry as LA-
REMPI-TOFMS, while that including hot stage pyrolysis is abbreviated py-REMPI-
TOFMS. The samples analyzed are 20 mm diameter by 40-100 µm thick untreated wood 
sections and leafs, including pellets made from powdered biomass materials. The wood 
sections are prepared using a Leica RM2255 microtome (Leica, Wetzlar, Germany) while 
the leaves are used in their untreated forms. 
 
II. Results and Discussion 
A. Selectivity and Fragmentation: The ability of the REMPI-TOFMS system to 
detect pyrolysis products from plant materials was validated by analyzing poplar 
(Populus sp.), which is potentially a major bioenergy feedstock. One of the goals for 
developing the REMPI-TOFMS instrument is to enhance the selectivity and sensitivity of 
REMPI compared to electron impact ionization. Figure 1 displays pyrolysis spectra 
obtained by three different methods. The spectrum in the top panel was recorded during 
the pyrolysis of poplar at 775 K in He using electron impact ionization molecular beam 
mass spectrometry (py-EI-MBMS) with 22.5 eV electrons.50 The middle spectrum was 
recorded using hot stage pyrolysis of poplar at 775 K and the bottom spectrum was 
recorded during laser ablation of poplar. Data shown in the lower two panels were 
obtained with 1 + 1 REMPI-TOFMS. Since the spectra recorded using hot stage pyrolysis 
(middle of Fig. 1) and laser ablation (bottom of Fig. 1) photoionization mass 
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spectrometry displayed the same mass peaks, although with slightly different relative 
intensities, the following discussion will focus on differences between the spectra 
recorded by py-EI-MBMS (top) and py-REMPI-TOFMS (middle).  
 
Figure 1. Comparison of mass spectra obtained by EI-MBMS and REMPI-TOFMS systems. 
Top: pyrolysis of poplar at 775 K using MBMS. Middle: hot stage pyrolysis of poplar at 775 K 
using REMPI-TOFMS. Bottom: laser ablation of poplar using REMPI-TOFMS. 
 
The py-REMPI-TOFMS spectrum displays mass peaks corresponding only to 
monomeric pyrolysis fragments at m/z = 124, 138, 150, 154, 164, 180, 194 and 210 from 
a whole poplar sample. These mass peaks are characteristic of lignin pyrolysis 
fragments50,60 and their assignments are discussed below in the laser ablation section. In 
contrast, the py-EI-MBMS spectrum of the same whole poplar material contains 
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numerous other significant peaks in addition to those associated with lignin. Some of the 
additional peaks in the py-EI-MBMS spectrum are characteristic of polysaccharides at 
m/z = 57, 60, 73, 85, 96, 110, 114 and 126. Previous py-EI-MBMS studies of 
carbohydrates and polysaccharides reported spectra that consisted of mass peaks with m/z 
< 124,50,77 in very good agreement with the mass peaks observed in our py-EI-MBMS 
study (top panel of Fig. 1). The low molecular weight polysaccharide and carbohydrate 
products observed by py-EI-MBMS are largely due to the cellulose and hemicellulose 
components of biomass. The absence of polysaccharide peaks in the middle panel of Fig. 
1 demonstrates that REMPI is a selective ionization process for lignin pyrolysis products 
compared to electron impact ionization. The polysaccharides are not observed in the 
REMPI-TOFMS because they do not have S1 resonance states that are accessible in the 
wavelength region used in these experiments. Therefore, the REMPI process is useful for 
improving selectivity and detecting lignin products from a whole biomass sample 
regardless of the presence of sugars in the pyrolysis vapors.  
In addition to being a highly selective method, REMPI is also a soft ionization 
method, which minimizes fragmentation of the pyrolysis products. The middle spectrum 
of Fig. 1 displays mostly molecular ions with little or no fragmentation compared to the 
py-EI-MBMS spectrum because the energy of the two photon (8.9-eV) REMPI process is 
much less than that of the 22.5-eV electron impact (EI) ionization. The ionization 
energies (IEs) of most organic molecules are less than ~10 eV,78 implying that molecules 
ionized by electron impact will have extra energy (> 10 eV) that is converted into internal 
energy of the molecules. Considering that less than 5 eV is required to break most single 
bonds in organic molecules (the average C-H bond energy is approximately 4 eV), this 
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extra internal energy is enough to cause significant fragmentation.77,79,80 Therefore, in 
addition to the sugar and lignin peaks in the py-EI-MBMS spectrum, there are also 
fragmentation peaks as well as peaks from background gases such as CO2 at m/z = 44. In 
previous 22.5 eV py-EI-MBMS studies on sugars77 and milled wood lignin,50 
fragmentation peaks were also observed. The sufficiently low power densities employed 
in the py-REMPI-TOFMS study ensured that no detectable photo-fragmentation from 
greater than two photon absorption occurred. If high REMPI laser power densities had 
been used, photo-fragmentation would have resulted due to absorption of excess photons 
by the molecular ions. The soft REMPI process also yields enhanced sensitivity because 
the molecular ions, which are the most intense peaks in the spectrum, carry the largest 
percentage of the total ion current. In contrast, the most intense EI peaks comprise a 
lower percentage of the total ion current78 due to fragmentation. 
The pyrolysis temperatures for both the py-REMPI-TOFMS and py-EI-MBMS in 
these studies were maintained at 775 K. The effect of pyrolysis temperature on biomass 
product distribution was recently investigated using py-EI-MBMS.81 In this study white 
oak particles were pyrolyzed from 725 K to 1225 K. The results showed that as the 
pyrolysis temperature was increased, the molecular weight of primary tars decreased up 
to 1025 K. As the temperature increased beyond 1025 K molecular weight growth was 
evident.   
 
B. Laser Ablation: The spectra recorded using py-REMPI-TOFMS (middle of Fig. 
1) and LA-REMPI-TOFMS (bottom of Fig.1) display the same products. Though the 
vaporization methods are different, these spectra show that REMPI is a consistent way to 
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probe lignin pyrolysis products. Because the REMPI technique in our laboratory is 
carried out using pulsed Nd:YAG pump lasers, it is straightforward to couple with laser 
ablation, which also utilizes a pumped Nd:YAG laser to pyrolize the sample.  
During the LA experiment, the poplar sample mounted on a rotating platform is 
ablated with a UV-laser beam (355 nm). The laser beam is focused to a diameter of ~ 200 
µm at the sample, resulting in an average power density of ~ 1.0 x 109 W/cm2. When 
fired onto the poplar surface, the laser pulses produce craters at least 200 µm in diameter. 
Since the ablation of the poplar surface by the UV laser beam depends on the energy 
incident on the biomass material per unit time, these pulses will cause etching or 
pyrolysis of the poplar material with a geometry that is defined by the laser beam.82 The 
areas ablated on the poplar surface display different degrees of ablation because the laser 
beam intensity has a Gaussian profile. For example, a single ablation spot will exhibit 
more charring (etching) at the center whereas there is not as much charring at the 
perimeter.  
The image in Fig. 2 shows a radial section of a poplar material after LA that was 
taken using a stereoscopic zoom microscope (SMZ 1500).  
 
 
Figure 2. Laser ablated poplar material. Image A shows a radial section of the poplar after LA. 
The different degrees of LA for the rings are due to different laser powers (1-5 mJ). Image B is an 
expanded section of the black box on image A and shows the diameter of craters produced by LA 
on wood growth rings. 
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This figure is used to determine the diameter of the craters produced by LA and it shows 
craters at least 200 µm in diameter. Panel B of Fig. 2 is an expanded region of Fig 2A 
showing plant tissues that have been subjected to the same laser ablation power. As 
expected, the plant tissues with thinner cell walls (i.e. off growth rings) are affected more 
by the same laser power. The variation of charring between different spots is caused by a 
different number of laser shots irradiated on those areas and/or different laser powers.  
The high power density (109 W/cm2) of the UV ablation laser beam at the surface 
of the biomass material results in rapid heating and vaporization of both neutral and 
ionized species. A qualitative discussion of these processes for inorganic materials has 
been reported elsewhere.83 The complete chemical analysis of these species from biomass 
materials is challenging, especially considering that the resulting LA vapor contains a 
mixture of fragments ranging from atoms and polyatomic molecules of low molecular 
weight to larger fragments of the biopolymers.82 Further, these fragments consist of the 
major cell wall constituents of biomass; lignin, cellulose and hemicellulose. A detailed 
discussion for the assignments of pyrolysis products from wood has been reported 
elsewhere.49,50,77  
The bottom panel of Fig. 1 displays a spectrum obtained by LA-REMPI-TOFMS 
that shows a high abundance of phenolics typical of thermal degradation products of 
lignin.19,29 The identification and chemical assignments of the peaks observed in the LA-
REMPI-TOFMS were based on previous data,40,50,60,84 molecular spectroscopy and 
complementary py-EI-MBMS analysis. Lignin is an amorphous, cross-linked, three 
dimensional phenolic biopolymer made from the enzyme-initiated polymerization of 
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three cinammyl alcohols shown in Fig. 3, p-coumaryl alcohol, coniferyl alcohol and 
sinapyl alcohol.16  
 
Figure 3. Chemical structures of the three lignin precursors: hydroxyphenyl (H) guaiacyl (G) 
and syringyl (S) subunits. 
 
 Understanding the general chemical structure of the lignin polymer is helpful in 
the determination of likely bond breaking sites and therefore, expected products. 
However, it must be noted that without detailed REMPI standards with which to 
compare, definitively assigning high molecular weight species in the biomass pyrolysis 
gas is a major issue. Furthermore, the hot pyrolysis vapor is cooled by the He beam, but 
not to the extent necessary (< ~50 K) to obtain very sharp REMPI wavelength scans. The 
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unambiguous assignment of high molecular weight isomers is an ongoing difficulty in the 
field of biomass pyrolysis and is an area that warrants additional development.  
Our LA-REMPI-TOFMS results are summarized in Table 1 (given at the end of 
the chapter) and reveal that the lignin in poplar undergoes thermal decomposition to form 
a range of monomeric phenols, though dimers have been observed.50,81 Many of these 
aromatic volitization products are researched further in the model compound studies of 
subsequent chapters. The highest molecular weight peak observed in the spectrum at m/z 
= 210 corresponds to sinapyl alcohol (Fig. 3), a subunit for hardwood lignin. The other 
lignin subunit found in hardwood observed in this study is coniferyl alcohol (Fig. 3) at 
m/z = 180. In addition, lignin degradation products related to these two subunits are also 
observed. The sinapyl alcohol derivatives 4-propenylsyringol at m/z = 194 and 4-
vinylsyringol at m/z = 180 are observed. The coniferyl alcohol derivatives allyl-guaiacol 
and/or propenyl guaiacol at m/z = 164 and 4-vinylguaiacol at m/z = 150 are observed (see 
Table 1 at the end of the chapter for the structures of these compounds). Lignin subunits 
showing formation of double bonds in conjugation with aromatic rings are also seen, 
vanillin at m/z = 152, allyl-guaiacol and/or propenyl guaiacol, and 4-vinylguaiacol. 
Methyl guaiacol at m/z = 138 guaiacol at m/z = 124 and phenol at m/z = 94 complete the 
low molecular weight class of lignin subunits observed in this study.  
 Figure 4 is an expanded region of the spectrum recorded by LA-REMPI-TOFMS 
showing additional lignin subunits peaks. The names and structures of the observed 
subunits are presented in Table 1, as well as their assignments as being derived from 
hydroxyphenyl (H) subunits or guaiacyl (G) subunit or syringyl (S) subunit. Lignin rich 
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in H subunit is typical of grasses. Lignin rich in G subunits is characteristic of softwoods. 
Lignin rich in both S and G subunits is characteristic of hardwoods. 
 
Figure 4. An expanded spectrum of the bottom panel in Fig. 1 for the LA-REMPI-TOFMS of 
poplar showing mass peaks corresponding to more lignin subunits 
 
The assignments in Table 1 show that lignin in poplar is composed of both G and S 
subunits, which is typical of hardwood. The multiple poplar samples we analyzed showed 
the same decomposition products.  
 
C.  Wavelength Scans of Laser Ablation Products: We can use the tunability of 
our REMPI light to confirm some of the assignments in our REMPI mass spectrum. For 
example, Fig. 8 compares the REMPI wavelength scans from 274 nm to 278 nm of the 
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mass peak m/z = 94 recorded from laser ablation of poplar with that of a known phenol 
standard.  
 
Figure 5. Top: 1 + 1 resonance-enhanced multiphoton ionization wavelength scan of m/z = 94 
from laser ablation of poplar recorded using a step size of 0.04 nm. Bottom: 1 + 1 REMPI scan of 
a phenol standard recorded at a 0.04 nm step size. 
 
Such wavelength scans with sufficient resolution to detect sharp resonance behavior are 
difficult to obtain with laser ablation due to fluctuations in ablation laser power and time 
constraints. With an ablation power set to ensure decent signal intensity, a sample will 
last for approximately 15 minutes before charring becomes too extensive. Generally, a 
minimum of 150 averaged spectra per wavelength is required for a reasonable scan with 
an increment of 0.04 nm required for sufficient resolution. For the scan shown in Fig. 5, 
the ablation laser was focused to a spot size of 600 µm. The initial ablation ring was set 
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to an 8.5 mm diameter. Sample translation steps of 0.5 mm were taken until the ablation 
ring diameter was 0.5 mm. The rotational speed was set so a complete revolution was 
made in 8.6 seconds. Translations were performed at linearly decreasing time increments 
such that each spot of the sample averaged 10 laser shots. After approximately 10 laser 
shots, signal size begins to decrease because the sample within an ablation ring becomes 
nearly completely volatilized. Using these parameters, we were able to take a 15 minute 
scan over 3 nm with 0.04 nm increments in which 163 spectra were averaged for each 
wavelength. Clearly, the two spectra are in excellent agreement implying that the m/z = 
94 species observed from LA-REMPI-TOFMS of poplar is due to phenol.  
 In addition, we can record a REMPI mass spectrum of the poplar LA vapors at 
different wavelengths as shown in Fig. 6.  
 
Figure 6. LA-REMPI-TOFMS spectra of poplar recorded at two different wavelengths. The 
upper curve was recorded at a wavelength of 275.1 nm to enhance phenol mass peak (m/z 94). 
The lower curve was recorded at a wavelength of 259.05 nm at the well known indicated benzene 
(m/z 78) transition. 
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The upper curve was recorded at a wavelength of 275.1 nm corresponding to a phenol 
resonance (see Fig. 5) and the bottom curve was recorded at a wavelength of 259.05 nm 
for benzene resonance. At 275.1 nm, phenol dominates the spectrum while at 259.05 nm 
the signal of phenol decreased because it is off the resonance wavelength while that of 
benzene is enhanced providing definitive proof that benzene is one of the products in the 
laser ablation vapor. 
 
III. Conclusions 
We have developed a novel analytical technique that uses hot stage pyrolysis 
and/or laser ablation in combination with REMPI-TOFMS to selectively detect lignin 
volatilization products from a whole poplar sample. Laser ablation is important in 
selectively isolating and volatilizing plant tissues within the same plant materials. The 1 
+ 1 REMPI at 278 nm selectively detects lignin subunits from a complex vapor of 
biomass ablation/pyrolysis products. Lignin pyrolysis products based on both guaiacyl 
and syringyl subunits have been assigned. We have confirmed some of the assignments in 
the LA-REMPI-TOFMS spectrum by using the tunabilty of the REMPI laser. The 
obtained mass spectra by both py-REMPI-TOFMS and LA-REMPI-TOFMS exhibit high 
sensitivity, selectivity and decreased fragmentation compared to spectra recorded by py-
MBMS using electron impact ionization. These properties of REMPI-TOFMS are critical 
for performing chemical measurements at the sub-tissue or cellular level. We believe that 
by taking advantage of these properties, we can also apply REMPI to study other 
aromatic metabolites in plant materials necessary for plant cell wall biosynthesis. The 
information derived from the recorded REMPI spectra can then be incorporated with 
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other genetic information to aid us in understanding the relationship between cell wall 
composition and biomass recalcitrance. We also plan to record the above spectra using 
laser based single-photon ionization (SPI) using the 9th harmonic of a Nd:YAG laser 
(118.2 nm; 10.487 eV). This method allows soft ionization and detection of organic 
molecules because the ionization potentials of most organic compounds are less than 10 
eV.78 However, signal sizes are much smaller using this SPI technique and further 
development is needed. The LA-SPI-TOFMS in combination with LA-REMPI-TOFMS 
may be used to provide a more complete picture of biomass pyrolysis by also deducing 
peaks that are due to carbohydrates and polysaccharides.  
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 Table I. Peak assignments and chemical structure of lignin subunits recorded during LA-
REMPI-TOFMS of poplar. H, G and H are the precursor lignin subunits from which the 
assigned peaks are derived from, H: para-hydroxyl, S: syringyl and G: guaiacyl (see Fig. 
3). 
 
  m/z Assignment Structure H, S, G 
subunit 
94 Phenol 
OH  
H 
108 Cresol 
       OH
CH3
 
H 
120 Vinylphenol 
OH  
H 
124 Guaiacol 
           OH
OCH3
 
G 
138 4-
Methylguaiacol 
           
OCH3
OH  
G 
150 4-vinylguaiacol 
          
OCH3
OH  
G 
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152 Vanillin 
             
OH
OCH3
CHO  
G 
154 Syringol 
OH
OCH3H3CO
 
S 
164 Allyl- + propenyl 
guaiacol 
OH
OCH3
OH
OCH3
 
G 
178 Coniferyl 
aldehyde 
OH
OCH3
O
 
G 
180 Coniferyl alcohol  
4-vinylsyringol 
OH
OCH3
OH
OH
OCH3H3CO
 
G, S 
194 4-
propenylsyringol 
OH
OCH3H3CO
 
S 
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210 Sinapyl alcohol 
    OH
OCH3H3CO
OH
 
S 
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Chapter 4 
 
Unimolecular Thermal Decomposition of Phenol and d5-Phenol: Direct 
Observation of Cyclopentadiene Formation via Cyclohexadienone 
 
I. Introduction 
 The thermal decompositions of several complicated lignin model compounds such 
as methoxybenzene,30,37 o-dihydroxybenzene,85-88 and the methoxyphenols89 have been 
investigated. Even the fragmentation patterns of complex lignin monomer units such as 
coniferyl alcohol have recently been studied.90 Yet the primary phenol thermal 
decomposition mechanism and products91 remains a topic of debate.92-98 Aside from 
being an important fundamental molecule, phenol (C6H5OH) is generated directly in the 
pyrolysis of actual biomass. In the last chapter, we described our laser ablation pyrolysis 
experiments in which untreated poplar wood was pyrolyzed by laser ablation. In that 
work, 1 + 1 resonance-enhanced multiphoton ionization coupled with mass spectrometry 
was used to demonstrate that phenol is an important product of biomass pyrolysis.99  
 Two pathways have been proposed as the principle initial thermal decomposition 
channel of phenol. The first is isomerization of phenol to 2,4-cyclohexadienone followed 
by decarbonylation to produce cyclopentadiene and CO as shown in reaction 1. 
Experimentally derived thermodynamics100-102 show ∆rxnH298(C6H5OH → CO + c-C5H6) 
to be 28.7 ± 0.4 kcal/mol. 
 (1) 
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A second pathway is homolytic bond cleavage to produce H atom and the phenoxy 
radical (reaction 2). The C6H5O radical decomposes to the C5H5 radical and CO.93,95,103-
106 The initial step in reaction 2 is endothermic100 by 87.3 ± 0.5 kcal mol-1 and the second 
decarbonylation reaction102 is endothermic by 25 ± 2 kcal mol-1.  
 (2) 
 The relative importance of reactions 1 and 2 has been debated for quite some 
time. The thermal decomposition of phenol was first investigated92 in 1974. In this early 
work, products were detected after a reaction time of 2.5 s with either gas 
chromatography (GC) or liquid chromatography. Temperature ranges of 938 – 1138 K 
were employed and the authors proposed reaction 1 as the predominant decomposition 
channel. In 1989, using a flow tube experiment with a GC detection scheme and 
temperature range of 922 – 1175 K, Manion and Louw reported reaction 2 to be the main 
decomposition channel.94 Also that year, investigating phenol pyrolysis between 1064 — 
1164 K with a flow tube/GC experiment and 17 ms reaction timescale, Lovell et al. 
concluded that reaction 2 is the predominant channel.93 These experiments were repeated 
a decade later (flow tube/GC apparatus at 1170 K and 131 ms detection time) and again it 
was suggested that reaction 2 is the dominant channel.95 In a 1998 shock tube study of 
phenol pyrolysis between 1450 – 1650 K, Horn et al. directly measured H and CO 
concentrations with resonance absorption spectroscopy.96 Attempts to model the CO and 
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H kinetics profiles were successful only with the assumption that reaction 1 was the 
primary unimolecular channel. The kinetic model96 indicated that k2 could not exceed 
0.15 k1. More recently, Xu and Lin97 reported a computational study of phenol pyrolysis 
over the temperature range of 800 – 2000 K. The authors concluded that reaction 1 is the 
dominant channel over the entire temperature range. Finally, in 2008 Khachatryan et al.98 
demonstrated phenoxy radical and cyclopentadienyl radical formation from electron 
paramagnetic resonance (EPR) studies of phenol pyrolysis suggesting reaction 2 as a 
decomposition pathway. However, because EPR spectroscopy is not sensitive to closed-
shell species, the authors could not comment on the extent of reaction 2 compared to 
reaction 1. Taken as a whole, during the last 40 years, a puzzle has emerged. It is not yet 
clear whether the primary initial step in phenol decomposition is reaction 1 or 2.  
 For measurements that employ msec — sec reaction time scales or experiments 
with GC detection schemes, organic radicals and other reactive products will not have 
sufficient lifetimes to be identified. Our µtubular reactor and set of diagnostic tools can 
probe the early products of phenol within the first 100 µs of pyrolysis. In the case of 
phenol decomposition, any cyclopentadiene (c-C5H6) or cyclopentadienyl radical (c-
C5H5) produced by reactions 1 and 2 can be directly observed, along with further 
unimolecular decomposition products. As the temperature of the SiC tube is increased, 
products resulting from the latter stages of pyrolysis can be monitored, giving a complete 
picture of the stepwise unimolecular deomposition. Small hydrocarbon products such as 
acetylene (HC≡CH) and propargyl radical (HCCCH2), have been widely implicated in 
molecular weight growth and PAH formation.107-109 However, due to extensive 
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bimolecular chemistry, monitoring these small hydrocarbon products of unimolecular 
fragmentation is often difficult. 
 We have studied the unimolecular decompositions of phenol (C6H5OH) and d5-
phenol (C6D5OH) using both PIMS (λ0 = 118.2 nm or 10.487 eV) and matrix-isolated IR 
spectroscopy. These experiments show that reaction 1 is the favored thermal 
decomposition step at the onset of pyrolysis and continues to be an important channel at 
higher temperatures. The phenol and d5-phenol were obtained from Sigma Aldrich at 
stated purities of 99% and 98% respectively. The dicyclopentadiene was obtained from 
Sigma Aldrich and contained BHT as a stabilizer. A freeze/thaw cycle was used to purify 
the dicyclopentadiene. A pure monomer source of cyclopentadiene resulted from the first 
thermocracking step of dicyclopentadiene in our reactor.  
 
II. Results and Discussion 
A. Thermal Decomposition of Phenol and d5-Phenol: The phenol PIMS spectra 
from 475 K to 1575 K are presented in Fig. 1. In the early stages of pyrolysis (1375 K) an 
ion m/z 66 of cyclopentadiene (c-C5H6) is observed as predicted by reaction 1. The 1375 
K spectrum also displays a peak at m/z 65. In Chapter 5 we will establish37 that the 
primary decomposition channel of cyclopentadiene is hydrogen loss to produce the 
cyclopentadienyl radical: c-C5H6 (m/z 66) → H + c-C5H5 (m/z 65).   
 Using matrix IR spectroscopy, we confirm cyclopentadiene (c-C5H6) as a product 
of the unimolecular decomposition of phenol. Figure 2 shows the matrix IR spectra for 
phenol pyrolysis at 1575 K as well as a low temperature spectrum of parent C6H5OH 
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from 600 – 1000 cm-1. Spectra of cyclopentadiene resulting from the thermal dissociation 
of dicyclopentadiene (C10H12) and a heated Ar background are also included.  
 
Figure 1. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr phenol 
in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 475 K (bottom trace), 
1375 K, 1475 K, and 1575 K (top trace). Y-axis scaling is done so the most dominant peak in 
each spectrum extends the length of the plot.  
 
Several characteristic bands of cyclopentadiene are assigned based on the gas phase 
assignments of Gallinella et al.110 The spectrum in Fig. 2 also agrees with a previous 
matrix IR scan111 of c-C5H6. Many of the cyclopentadiene bands are clearly observed in 
the phenol pyrolysis spectrum shown in the top panel. Parent phenol peaks and 
background features obscure several other c-C5H6 bands. More cyclopentadiene modes 
are observed in other regions of the phenol pyrolysis spectrum not shown in Fig. 2 and 
these values are reported in Table 1 given at the end of the chapter. 
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Figure 2. Matrix IR spectra from 1000 cm-1 to 600 cm-1 of: Top - phenol pyrolysis products at 
1575 K. Upper middle – cyclopentadiene dimer at 1075 K.  Lower Middle – phenol at 375 K. 
Bottom – Ar background spectrum at 1375 K. Features of parent phenol are marked by (•). 
Features of cyclopentadiene are marked by (•). Background features are marked by (•).The ν5 
feature of HC≡CH is marked by (•).   
 
 There is a small complication with the matrix IR spectra. Any parent compound 
that escapes around the heated µtubular reactor will be cryopumped onto the CsI window 
and detected in the IR spectrum. We believe some of the C6H5OH observed in the matrix 
IR scans is the result of this effect. Because such a diffusive leak is not integrated into the 
pulsed molecular beam intersected by the PIMS laser, the PIMS experiment gives a more 
accurate reflection of the extent of reaction associated with a given temperature.  
 The confirmation of cyclopentadiene production as a direct unimolecular 
decomposition product of C6H5OH is strong support for reaction 1. Evidence of transient 
formation of the (predicted) 2,4-cyclohexadienone intermediate is provided by the matrix 
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IR spectra of d5-phenol pyrolysis. In Fig. 3 we show matrix IR spectra of C6D5OH 
pyrolysis from 375 K — 1375 K.  
 
Figure 3.  Matrix IR spectra of d5-phenol pyrolysis products from 3655 cm-1 to 3610 cm-1 and 
2700 cm-1 to 2660 cm-1 at increasing temperatures showing the parent phenol O-H stretch and 
growth of the phenol O-D stretch after scrambling of the initial O-H bond to O-D. The bottom 
curve plotted in green is an Ar background spectrum at 1375 K. 
 
Figure 3 demonstrates the growth of a strong band at 2683 cm-1, which is assigned as the 
O-D stretch. This value agrees well with previous studies112,113 of the O-D stretch of d1-
phenol (C6H5OD). One can see that, as expected, the strong O-H stretch in phenol is 
observed both at 375 K and near the onset of pyrolysis (up to 1375 K). Figure 3 suggests 
C6D4HOD generation via 2,4-cyclohexadienone as drawn in reaction 3. The intensity of 
the 2683 cm-1 νOD(d5-phenol) stretch in Fig. 3 diminishes at higher temperatures as would 
be expected from the PIMS spectra (Fig. 1) in which fragmentation products are shown to 
dominate by 1575 K. We searched for vibrational modes of 2,4-cyclohexadienone 
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without success. It is likely that the 2,4-cyclohexadienone lifetime in our reactor is too 
short to establish a detectable concentration. 
              (3) 
 The d5-phenol (C6D5OH) PIMS spectra are shown in Fig. 4 and demonstrate that 
at the onset of pyrolysis (1375 K), d5-cyclopentadiene (reaction 3) is the only pyrolysis 
product (m/z 71). This observation provides clear support for the interpretation of 
reaction 1 as the primary thermal decomposition channel. In Appendix A we present 
evidence that at the highest temperature studied (1575 K), reaction 1 remains the 
predominant channel.    
 The unimolecular thermal decomposition of the cyclopentadiene product of 
reaction 1 can be studied directly by thermal decomposition of a dicyclopentadiene 
(C10H12) precursor. In Chapter 5 it is demonstrated37 that dicyclopentadiene decomposes 
completely in the SiC µtubular reactor to a pair of cyclopentadiene molecules via a retro-
Diels-Alder reaction. Subsequent thermal dissociation of cyclopentadiene produces H 
atoms and the cyclopentadienyl radical.37 The C-H bond dissociation energy of 
cyclopentadiene has been measured by the acidity/electron affinity cycle101 and DH298(c-
C5H6, C-H) is 83 ± 1 kcal mol-1. 
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Figure 4. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr d5-
phenol in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 475 K (bottom 
trace), 1375 K, 1475 K, and 1575 K (top trace). Y-axis scaling is done so the most dominant peak 
in each spectrum extends the length of the plot.  
 
Figure 5 shows the PIMS spectra of cyclopentadiene pyrolysis and the feature at 
m/z 65 is assigned as originating from the cyclopentadienyl radical (c-C5H5). These 
spectra are reproduced from the work represented in Chapter 5. As shown in Fig. 5 and 
reaction 4, the cyclopentadienyl radical (c-C5H5; X˜ 2E1) fragments into HC≡CH and the 
propargyl radical, HCCCH2, X˜ 2B1 at m/z 39. From the known heats of formation of 
cyclopentadienyl radical, propargyl radical, and acetylene,101,114 ∆rxnH298(c-C5H5 → 
HCCH + HCCCH2) can be computed to be 74 ± 3 kcal mol-1. 
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Figure 5. The 118.2 nm PIMS resulting from heating a mixture of 1.7 Torr cyclopentadiene 
dimer (C10H12) in 2000 Torr He (0.09%) in a µtubular reactor. The SiC tube is heated to 300 K 
(bottom trace), 1375 K, 1475 K, and 1675 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
The ion at m/z 50 in the 1575 K PIMS spectrum of phenol pyrolysis and in the 1675 K 
PIMS spectrum of cyclopentadiene pyrolysis is likely37 due to HC≡C-C≡CH resulting 
from propargyl radical recombination and further reactions, a topic covered in greater 
detail in Chapter 5. 
 (4) 
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Both the c-C5H5 and HCCCH2 radicals are clearly observed in the phenol PIMS spectra 
(Fig. 1). The IE(HC≡CH) is measured by ZEKE spectroscopy115 to be 11.4006 ± 0.0006 
eV and is too large to be ionized by the 118.2 nm (10.487 eV) photons of the VUV 
PIMS.  
 The matrix IR spectrum of phenol pyrolysis from 3340 to 3220 cm-1 is plotted in 
Fig. 6.  
 
Figure 6.   Matrix IR spectrum of phenol pyrolysis at 1575 K from 3340 cm-1 to 3220 cm-1. The 
ν5 feature of propargyl radical is marked by (°). The ν3 features (Darling Dennison resonance) of 
HC≡CH are marked by (•). The ν4 feature of HC≡C-C≡CH is marked by (↓). 
 
Formation of propargyl radical is confirmed by the presence of the strong35 ν1(HCCCH2) 
at 3308 cm-1. Weaker propargyl radical bands are observed at 3028 (ν2), 1935 (ν3), 1062 
(ν5), 1017 (ν10) and 619 (ν11). These values match the known fundamental IR bands for 
the propargyl radical.35 Acetylene production is also confirmed in Fig. 6 which shows the 
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well-known116 ν3(HC≡CH) stretch and associated Darling Dennison resonance at 3287 
cm-1 and 3301 cm-1, respectively. The strong ν5(HC≡CH) bending mode in acetylene is 
also observed at 736 cm-1 in the 1575 K phenol pyrolysis IR spectrum in Fig. 2. Figure 6 
also shows a band assigned36 to ν4(HC≡C-C≡CH). We note that because both phenol 
decomposition mechanisms 1 and 2 result in cyclopentadienyl radical formation, the final 
unimolecular decomposition products at high temperatures will be propargyl radical 
(HCCCH2) and HC≡CH in either case. Application of reactions 1 and 4 to the thermal 
cracking of C6D5OH is shown in reaction 5.  
                 (5) 
Decarbonylation of 2,4-cyclohexadienone via reaction 3 generates d5-cyclopentadiene, 
C5D5H (m/z 71). Raising the temperature to 1475 K triggers formation of the 
cyclopentadienyl radicals, C5D4H (m/z 69) and C5D5 (m/z 70). Reaction 5 shows 
cyclopentadienyl decomposition to acetylene and propargyl radicals; C5D5 (m/z 70) → 
DCCD (m/z 28) + DCCCD2 (m/z 42) as well as C5D4H (m/z 69) → DCCD + C3D2H (m/z 
41) or C5D4H (m/z 69) → DCCH + DCCCD2 (m/z 42). All of these features are present 
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in the 1475 K trace of Fig. 4 save those of the acetylenes which have IEs exceeding the 
10.487 eV ionizing laser.115 The ions at m/z 51 and m/z 52 of the 1575 K scan in Fig. 4 
are assigned to DC≡C-C≡CH and DC≡C-C≡CD. 
 
B. Cyclohexadienone Energetics: The experiments reported in Figs. 1 – 4 
demonstrate that the keto/enol isomerization of reaction 1 is the dominant initial step in 
the thermal dissociation of phenol. More than two decades ago, ion-molecule reactions in 
a flowing afterglow apparatus were used to determine he absolute heat of formation of 
2,4-cyclohexadienone.117 The cyclohexadienone was prepared via a [4 + 2] 
cycloreversion reaction of the Diels-Alder adduct of cyclohexadienone with 
cylopentadiene. Heating the Diels-Alder adduct in a quartz tube produced the 
cyclohexadienone; see reaction 6. 
            (6) 
Under these conditions, the gas-phase acidity of 2,4-cyclohexadienone could be measured 
via bracketing experiments by exposing the molecule to a series of bases. Reaction 6 
shows that NCO— will deprotonate 2,4-cyclohexadienone to generate the phenoxide 
anion, C6H5O— (m/z 93). It was found that ∆acidH298(2,4-cyclohexadienone) = 344 ± 3 
kcal mol-1. The expression for the gas phase acidity9 can be arranged118 to give: 
 
∆fH298(dienone) - ∆fH298(C6H5OH)  = ∆acidH298(C6H5O-H) - ∆acidH298(dienone) (7) 
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Because the ∆acidH298(C6H5O-H) and ∆fH298(C6H5OH) are known,20 eq. 7 yields 
∆fH298(2,4-cyclohexadienone) = − 19 ± 3 kcal mol-1. This is a surprising result because it 
yields ∆fH298(2,4-cyclohexadienone → C6H5OH) = − 4 ± 3 kcal mol-1 and this seems too 
small.119 
Several electronic structure calculations have also addressed the stability of 2,4-
cyclohexadienone relative to phenol. Electronic structure calculations at the B3LYP and 
MP2 level yielded energy differences120 of 7 kcal mol-1 or121,122 17 kcal mol-1 
respectively. Zhu and Bozzelli used the CBS-QB3 composite method combined with 
isodesmic working reactions123 to determine the difference in heat of formation between 
2,4-cyclohexadienone and phenol at 298K to be 19 kcal mol-1. The G2M//B3LYP/6-
311G(d,p) calculations by Xu and Lin16 predicted that the energy of 2,4-
cyclohexadienone is 16 kcal mol-1 above C6H5OH. In summary, all but one of the 
calculated energy differences are between 16 and 19 kcal mol-1, much larger than the 
experimental estimate of 4 ± 3 kcal mol-1, and therefore casting additional doubt on the 
accuracy of the experimental measurement.119 
 
III. A Qualitative Kinetic Analysis 
 Detailed computational analyses of the potential energy surface (PES) associated 
with reactions 1 and 2 have already been reported.97,123 The important features and 
reaction pathways of both studies are presented in Fig. 7, which shows values obtained in 
this work with the CBS-QB3 method (without using isodesmic working reactions). Zhu 
and Bozzelli considered only a few pathways, and Xu and Lin omitted the phenoxy 
formation channel from 2,5-cyclohexadienone. Comparing these studies, some individual 
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relative energies show a considerable (several kcal mol-1) spread, but the general features 
are in agreement. In this work, a new transition state with a very low imaginary 
frequency was found for the elimination of CO from the bicyclic ketone intermediate 
discussed below.  
 
Figure 7. Important features of the potential energy surface (PES) relevant to the thermal 
dissociation of phenol. Values of ΔfH298 are given from the CBS-QB3 calculations in this work. 
All data are relative to the energy of phenol. The line in red marks the lowest energy pyrolysis 
product pathway.  
 
 The isomerization reaction of phenol to 2,4-cycloheaxdienone has the lower 
barrier with a height of 69 – 70 kcal mol-1 (Fig. 7). The barrier for the reverse reaction of 
2,4-cycloheaxdienone back to phenol is found to be 50 – 53 kcal mol-1 while an 
additional 1,2 hydrogen atom shift to the β position is estimated to encounter a barrier of 
about 43 kcal mol-1. These two rearrangements predict formation of a bicyclic ketone, 
which decomposes to produce CO and cyclopentadiene. This lowest energy reaction 
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pathway is summarized in reaction 8. The energies given are the calculated activation 
barriers in kcal mol-1 for each step.  
(8) 
Although formations of the 2,5-cyclohexadienone and the open chain unsaturated ketene 
are also energetically feasible, these isomers have no low-energy reaction channels.  
 As can be seen in Fig. 7, the total barrier heights of the lowest energy pathways to 
CO and cyclopentadiene are calculated to be 72 and 80 kcal mol-1 (this work), 
significantly lower than the O-H bond energy100 in phenol. However, these reactions 
proceed through several transition states that are tighter than the barrierless O-H bond 
fission reactions. Note that C6H5O + H can be formed from any of the three low-energy 
C6H6O isomers. Therefore, identification of the energies is not sufficient to predict the 
phenol dissociation mechanism. 
 Using the molecular properties (energies, rotational constants, frequencies) as 
input for transition state theory, we calculated approximate rate constants for each 
reaction step shown (in red) in Fig. 7. Quantum Rice Ramsperger Kassel theory 
combined with the modified strong collision approach was then employed to analyze the 
competition of the reaction pathways as a function of pressure and temperature. Details of 
the calculation methods can be found elsewhere.124 This procedure yields rate constants 
for each reaction that can be used to create a reaction mechanism to simulate the 
conversion of phenol as a function of time at a chosen temperature using Chemkin Pro 
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software.125 We verified that this mechanism is capable of reproducing the phenol 
decomposition data obtained in earlier shock tube studies (within a factor of two).96 
Reactions important to this work, such as the thermal decomposition pathways of 
phenoxy radical and cylcopentadiene, were added to the mechanism. In Fig. 8 we show 
the results for low phenol conversion for a total reaction time of 100 µsec. Since the exact 
conditions in the µtubular reactor are unknown, we used an estimated average pressure of 
0.5 atm.29 Initial calculations showed the temperature required for measurable phenol 
conversion had to be increased relative to the temperature measured at the outside of the 
SiC reactor. The species yields shown in Fig. 8 for T = 1500 K are in reasonable 
agreement with the PIMS observations shown in Fig. 1 for T = 1375 K. Under these 
conditions, phenol conversion is low.  
 
Figure 8.   Predicted species profiles from the pyrolysis of phenol at T = 1500 K and 0.5 atm He. 
Note that the yields for phenoxy radical and propargyl radical are multiplied by 100.  
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At longer time scales most of the consumed phenol is converted to cyclopentadiene and 
cyclopentadienyl radicals as predicted by reaction 1. Initially (short times) phenol is 
mainly converted to 2,4-cyclohexadienone. Because it reacts further, the yield of 2,4-
cyclohexadienone declines rapidly. The simulations predict only small concentrations of 
propargyl radical, but its yield increases rapidly with longer reaction time. In the reaction 
mechanism, propargyl radical is only produced via thermal decomposition of 
cyclopentadienyl radical. Figure 8 also contains the yields of phenoxy radical multiplied 
by a factor of 100. Even though the amount is small, the simulations clearly predict that 
some phenol is consumed via H atom elimination as in reaction 2. A rate analysis reveals 
that all three low-energy isomers produce some phenoxy radical. However, a further rate 
analysis on cyclopentadienyl radical shows that most but not all of it is generated via H 
atom loss from cyclopentadiene, a result in agreement with the conclusions derived from 
experiment in this work. In summary, the modeling data support the mechanistic 
explanation deduced from the experimental observations. 
 
IV. Conclusions 
 Using a µtubular silicon carbide reactor with a characteristic residence time of 
less than 100 µs, we have studied the unimolecular thermal decompositions of phenol and 
d5-phenol. These isomeric studies along with our PIMS and matrix IR capabilities enable 
the assignment of enol/keto tautamerization to 2,4-cyclohexadienone, followed by 
decarbonylation to form cyclopentadiene as the primary phenol pyrolysis mechanism.  
This is shown in reaction 1. Reaction 2, corresponding to hydrogen loss from the hydroxy 
group followed by loss of CO to form c-C5H5, cannot be ruled out at higher temperatures 
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and likely contributes to the product distribution as a minor channel. Because the thermal 
decomposition of cyclopentadiene proceeds via loss of a hydrogen atom, thermal 
fragmentation via reaction 1 or 2 will result in cyclopentadienyl radical formation. At 
high temperatures (1575 K), the c-C5H5 fragments to propargyl radical and HC≡CH. 
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Table 1: Gas phase110 and matrix IR peak positions for cyclopentadiene (c-C5H6) 
vibrational modes (cm-1)a 
aThe values given in the last two columns are for c-C5H6 produced from 
dicyclopentadiene (C10H12) and phenol (C6H5OH) pyrolysis, respectively 
Cyclopentadiene (C6H5) Vibrational Modes (cm-1) 
 Mode* Gas Phase*  CPD dimer Phenol 
      (1075 K) (1575 K) 
A1 ν2 3087 3087  
  3083 3083  
 ν3 2899 2899  
  2895 2894 2894 
  2888 2891 2891 
 ν4 1505   
 ν7 1381 1382  
  1374   
  1370 1370 1370 
  1360   
 ν10 918 917  
    914 914 914 
B1 ν15 3125 3122 3122 
  3115 3113 3112 
 ν16 3055 3058  
  3046 3050 3050 
 ν18 1307   
  1295 1294 1294 
  1281   
 ν19 1253   
  1242 1240 1240 
  1232   
 ν20 1103   
  1091 1091 1091 
  1080   
 ν21 973   
  961 958 958 
  952   
 ν22 819   
  807 806  
    797     
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B2 ν23 2930 2910 2910 
  2913 2906 2905 
 ν24 923   
 ν25 911   
  895 894 894 
  891   
  888   
  879   
 ν26 681   
  664 665 665 
  648 663 663 
 ν27 365   
  348   
  345   
  333   
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Chapter 5 
 
Radical Chemistry in the Thermal Decomposition of Anisole and Deuterated 
Anisoles: An Investigation of Aromatic Growth 
 
I. Introduction 
The formation of polycyclic aromatic hydrocarbons (PAHs) has been a focus of 
numerous pyrolysis and combustion studies of both small aliphatic hydrocarbons107-109 
and larger unsaturated compounds.126-128 Polycyclic aromatic hydrocarbons are 
precursors to airborne soot produced in common combustion processes.129 Such 
particulates are known to be carcinogenic and pose a general health threat.129,130 Tars or 
large PAHs have been shown to inhibit biofuels production from biomass 
gasification.131,132 Also, a variety of PAHs are formed in atmospheric and interstellar 
chemistry133-135 in which low temperature, low pressure conditions exist.   
Generation of the first aromatic ring is considered a key step in PAH formation136 
and the reactive chemistry of resonantly stabilized radicals is important in these 
processes. Because of their stability, such radicals, like propargyl and cyclopentadienyl, 
have high rates of formation and low rates of consumption. This allows them to exist in 
high concentrations and to have a great influence on the chemistry in combustion 
systems.137 In particular, the combination of two propargyl radicals (CH2CCH) to form 
benzene (reaction 1) has been widely researched because of its potential to initiate 
molecular weight growth.  
 (1) 
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This reaction has been shown to be important in the combustion of acetylene and other 
small aliphatic molecules.109,136,138 Several intermediate steps are required for the initial 
C6H6 species to form benzene.139-141 Though propargyl radical recombination is a 
fundamental reaction critical in the pyrolysis and combustion of small molecules, its 
relative significance is unclear when larger compounds are pyrolyzed.  
 Another radical recombination reaction important in molecular weight growth is 
the addition of methyl radical to cyclopentadienyl radical (CPDR) to form 
methylcyclopentadiene (MCPD). Methylcyclopentadiene then loses two hydrogen atoms 
to form benzene via a bicyclic intermediate and ring expansion (reaction 2).142-144 
 (2) 
The pyrolysis of anisole (C6H5OCH3) provides the opportunity to study a case in which 
numerous reactive intermediates are present in relatively high concentrations. By 
examining both the unimolecular and bimolecular chemistry that ensues in the anisole 
pyrolysis gas mixture, several key precursor reactions that lead to PAHs can be probed, 
including those involving methyl radical, propargyl radical and CPDR.  
 Anisole also serves as an important model compound for lignin, a major 
component of biomass.30,12 Deciphering the unimolecular fragmentation mechanisms 
operative in the pyrolysis of anisole is a fundamental step in understanding the 
thermochemical breakdown of biomass. Studying the subsequent bimolecular reactions in 
the pyrolysis gas is of great importance in mapping the formation processes of 
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undesirable PAHs, a key issue facing clean synthesis gas (CO + H2) production from the 
gasification of biomass.132 
With the use of the µtubular reactor, we have studied the pyrolysis of anisole 
using both single photon ionization (PIMS; 118.2 nm) and 1 + 1 resonance-enhanced 
multiphoton ionization (REMPI). To validate the observed decompositions and verify 
numerous important bimolecular reactions, the pyrolyses of two forms of deuterated 
anisole (C6H5OCD3 and C6D5OCD3) were studied as well as the pyrolysis of propargyl 
bromide (BrCH2CCH), cyclopentadiene (c-C5H6; CPD) dimer and 
methylcyclopentadiene (c-C5H5CH3; MCPD) dimer, compounds that readily thermolize 
at low temperatures resulting in pure monomer sources. Cyclopentadiene and MCPD 
provide probes of both bimolecular and unimolecular chemistry important in the later 
steps of anisole pyrolysis.   
The anisole and deuterated anisole spectra confirm earlier results30 and elucidate a 
bimolecular reaction that generates MCPD and eventually benzene.143,144  The results of 
the dimer compound studies will be shown to confirm these reactions as well as 
corroborate naphthalene production from the recombination of CPDR. Proof that both 
benzene and naphthalene are being generated in anisole pyrolysis is achieved with 
REMPI measurements. 
Sample Preparation: The anisole, deuterated-anisole, propargyl bromide, 
cyclopentadiene dimer and methylcyclopentadiene dimer samples were obtained from 
Sigma-Aldrich. The anisole sample is listed as 99.9% pure, while the d3-anisole 
(C6H5OCD3) and perdeuterio anisole (C6D5OCD3) were listed at 99% pure and 98% pure 
respectively. Each anisole sample underwent multiple freeze-thaw processes under 
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vacuum to remove impurities of high vapor pressure. The dimer compounds were 
obtained from Sigma-Aldrich with the CPD dimer listed at 98% pure and the MCPD 
dimer listed at 93% pure. No additional purification was performed for the dimer 
compounds. The propargyl bromide was obtained from Sigma-Aldrich and was an 80% 
mixture in toluene. Multiple freeze-thaw processes were performed in an attempt to 
increase the proportion of propargyl bromide to toluene, but no noticeable difference in 
signal was observed as a result. The benzene and d1-benzene used as REMPI standards 
were obtained from Sigma Aldrich at stated purities of 99.9% and 98%, respectively. The 
naphthalene used as a REMPI standard was obtained from JT Baker at a stated purity of 
99.9%. 
 
II. Results and Discussion 
A. Unimolecular Decomposition of Anisole  
 i. The Pyrolysis of Anisole: The anisole PIMS spectra from room temperature to 
1575 K are shown in Fig. 1. Very small fragmentation peaks indicate the onset of 
pyrolysis at 1075 K (not shown). These data confirm the previous results of Friderichsen 
et al.30 Peaks observed in the mass spectra are consistent with the unimolecular 
decomposition mechanism of reaction 3. The IE(HC≡CH) is measured by ZEKE 
spectroscopy115 to be 11.4006 ± 0.0006 eV and is too large to be ionized by the 118.2 nm 
(10.487 eV) photons of the VUV PIMS.  
 
 72 
 
Figure 1. The 118.2 nm PIMS resulting from heating a mixture of 2 Torr anisole in 2000 Torr He 
(0.1%) in a µtubular reactor. The SiC tube is heated to 300 K (bottom trace), 1175 K, 1375 K, and 
1575 K (top trace). Y-axis scaling is done so the most dominant peak in each spectrum extends 
the length of the plot. 
 
 (3) 
Masses associated with molecules observable in our TOF system (IP < 10.487 eV) are 
included in the reaction schemes for comparison with the mass spectra. Ionization 
potentials important for this work are listed in Table 1.41,145-162 
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Table 1: Formulas, molecular masses and ionization potentials for molecules important 
in this work. The * indicates a molecule with an ionization potential greater than 10.487 
eV. These molecules will not be observed in our PIMS experiment. 
 
Molecule Formula Mass (m/z) IE (eV) IE (nm) 
hydrogen H2* 2.02 15.43145 80.4 
methyl radical CH3 15.02 9.84146 126.1 
methane CH4* 16.04 12.61147 98.4 
acetylene C2H2* 26.02 11.40148 108.8 
carbon monoxide CO* 28.00 14.01149 88.6 
propargyl radical CHCCH2 39.02 8.68150 143.0 
diacetylene C4H2 50.02 10.17151 122.0 
vinyl acetylene CHCCHCH2 52.03 9.58152 129.5 
cyclopentadienyl radical C5H5 65.04 8.41153 147.5 
cyclopentadiene C5H6 66.05 8.57154 144.8 
triacetylene C6H2 74.02 9.50156 130.6 
benzene C6H6 78.05 9.2441 134.3 
bromine Br* 78.92; 80.92 11.81155 105.1 
1-methylcyclopentadiene C5H5CH3 80.06 8.40156 147.7 
2-methylcyclopentadiene C5H5CH3 80.06 8.46157 146.7 
5-methylcyclopentadiene C5H5CH3 80.06 8.45156 146.8 
phenoxy radical C6H5O 93.04 8.56158 145.0 
phenol C6H5OH 94.04 8.49159 146.2 
phenylacetylene C6H5CCH 102.05 8.82160 140.7 
anisole C6H5OCH3 108.06 8.20161 151.3 
naphthalene C10H8 128.06 8.14162 152.4 
 
 The thermochemistry of anisole (C6H5OCH3) can be established. The heats of 
formation of anisole and phenol are known.102 Recently energy-resolved, competitive 
threshold collision-induced dissociation methods with guided ion beam tandem mass 
spectrometry were used to measure the gas-phase acidities of phenol relative to HCN, 
H2S, and the HOO radical. The gas-phase acidity of phenol was measured to be 
ΔacidH298(C6H5OH) = 348 ± 1 kcal/mol.20 The O-H bond dissociation enthalpy was 
measured by Nix et al.163 to be DH298(C6H5O-H) = 87.3 ± 0.1 kcal/mol. The heats of 
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formation of the methyl radical164 as well as the phenyl and methoxy radicals9 are well 
known. From these data, one can compute the bond energies: DH298(C6H5O-CH3) = 63.5 
± 0.6 kcal/mol (see Chapter 1) and DH298(C6H5-OCH3) = 101.8 ± 0.8 kcal/mol. These 
values agree very well with those reported by Arends et al.165 
 Considering these bond strengths, it is not surprising that the first step in the 
thermal decomposition of anisole is the loss of methyl radical to form phenoxy 
radical30,166 as shown in reaction 3. The subsequent fragmentation of phenoxy radical has 
been shown in several studies to proceed through the ejection of CO and ring closure to 
form CPDR.93,95,103-106 As given in Table 1, CO has an ionization potential of 14.01eV,149 
too high to be overcome by our laser source, and is thus not observed here.  
Using phenol as a starting material and validating with standards prepared 
according to known decomposition reactions, Khachatryan et al.98 have recently 
demonstrated with low temperature matrix isolation electron paramagnetic resonance 
spectroscopy that CPDR is indeed a major decomposition product of phenoxy radical 
pyrolysis. Reaction 3 is also consistent with these previous experiments. The loss of 
methyl radical from anisole (Ea = 64 kcal/mol) has a loose transition state and therefore a 
large pre-exponential factor165 (A = 2 × 1015 s-1). The ring closing mechanism of CO loss 
from phenoxy radical to form CPDR has a small activation energy (Ea = 44 
kcal/mol),103,105,167 but involves a tight, multicentered transition state with a small pre-
exponential factor106 (A = 7.4 × 1011 s-1). Using rate constants determined from these 
values, with our residence time (~65 µs), we compute that at 1175 K, the phenoxy radical 
concentration should be approximately 20% of the parent anisole in the unpyrolyzed 
sample, a result that is consistent with our experimental observations of Fig. 1.   
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Propargyl radical, seen at higher temperatures at m/z 39, results from the 
unimolecular decomposition of CPDR.168 This peak has been observed previously in 
anisole pyrolysis experiments,30 but was not assigned. The decomposition of CPDR into 
acetylene and propargyl radical has been investigated computationally by Moskaleva et 
al.169 The barrier for the process was found to be 62.4 kcal/mol at the G2M(rcc,MP2) 
level of theory with a pressure dependent pre-exponential factor of A = 2 × 1068 × T-15.0  
s-1 at 1 atm.   
To aid in the analysis of the mass spectral data, a simple 8-reaction kinetic model 
was developed using Dizzy170 (Table 2).103,105,106,165,167,169,171-173 Due to the uncertainties 
in the physical conditions of the experiment (temperature and pressure), and the 
numerous secondary reactions excluded, this model should not be considered rigorous. 
However, it does provide a feasibility check of our analysis. In Fig. 2, the pyrolytic 
kinetic scheme of Table 2 are compared to the pyrolysis of 1 Torr of anisole in 2000 Torr 
of He (0.05%) backing the µtubular reactor.   
 
Table 2:  Kinetic Model  
 
Reaction A (s-1) n Ea (kcal/mol) Ref. 
C6H5OCH3  → C6H5O + CH3 2 × 1015  64 165 
C6H5O → cyc-C5H5 + CO 7.4 × 1011  44 103,105,106,167 
cyc-C5H5 → C3H3 + C2H2 1.98 × 1068 15.0 124 169 
C3H3 + C3H3 → products 6.26 × 10-11 −0.75 0.25 171 
CH3 + CH3 → C2H6 7.42 × 10-11 −0.69 0.73 172 
cyc-C5H5+ CH3 → MCPD 2.3 × 10-15  21.6 173 
MCPD → cyc-C5H5+ CH3 5.5 × 1011  49.8 173 
MCPD → product 2.7 × 1010  53.9 173 
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Figure 2. Solid curves: Anisole decomposition product concentrations as a function of 
temperature. The data are signal sizes for the associated peaks in our PIMS spectra of anisole 
pyrolysis (1 Torr anisole in 2000 Torr He) normalized to the total signal for all species observed 
for each temperature. Dashed curves:  Anisole decomposition product concentrations modeled 
using Dizzy. Initial pressure of anisole was 1 Torr. Due to unknown photoionization cross 
sections (10.487 eV), the Dizzy values for each species are scaled to agree with the maximum 
concentration of the analogous species observed experimentally and then normalized to reflect the 
total concentration of products. The Dizzy values are shifted by -100 K.      
 
There is qualitative agreement between experimental signal heights and the model 
predictions. Our kinetic model overestimates CPDR production and underestimates 
propargyl radical concentration at higher temperatures. The CPDR overestimation is 
likely due to the neglect of various bimolecular reactions that would reduce the 
concentration of CPDR in our reactor.  
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ii. d3-Anisole and d8-Anisole Pyrolysis: To verify the above reactions, we have 
studied the pyrolysis of two deuterated anisole isomers. The PIMS spectra from room 
temperature through 1575 K are shown in Fig. 3 for d3-anisole and in Fig. 4 for d8-
anisole.   
 
Figure 3. The 118.2 nm PIMS resulting from heating a mixture of 2 Torr methyl-deuterated 
anisole in 2000 Torr He (0.1%) in a µtubular reactor. The SiC tube is heated to 300 K (bottom 
trace), 1175 K, 1375 K, and 1575 K (top trace). Y-axis scaling is done so the most dominant peak 
in each spectrum extends the length of the plot. 
 
 As would be expected from reaction 3, Fig. 3 shows that the peaks at 93, 65 and 
39 in d3-anisole pyrolysis corresponding to non-deuterated phenoxy radical, CPDR and 
propargyl radical did not move compared to the analogous peaks in non-deuterated 
anisole pyrolysis. The parent d3-anisole peak and d3-methyl radical peak shifted three 
mass units higher. Some isotope scrambling is observed at higher temperatures in the d3-
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anisole pyrolysis experiment. This is evident in the masses displayed between 15-18 and 
between 65-67 in the 1575 K PIMS spectrum (top panel of Fig. 3) corresponding to 
different degrees of deuteration of methyl radical and CPDR, respectively. The origin of 
scrambling is likely hydrogen exchange upon collisions between methyl radical and 
CPDR. 
 
Figure 4. The 118.2 nm PIMS resulting from heating a mixture of 2 Torr perdeuterated anisole in 
2000 Torr He (0.1%) in a µtubular reactor. The SiC tube is heated to 300 K (bottom trace), 1175 
K, 1375 K, and 1575 K (top trace). Y-axis scaling is done so the most dominant peak in each 
spectrum extends the length of the plot. 
 
In d8-anisole, each peak shifted as expected according to complete deuteration, as can be 
seen in supplementary Fig. 4. This is a strong indication that wall reactions are not 
influencing the pyrolysis chemistry in the µtubular reactor. 
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iii. Cyclopentadiene (CPD) Pyrolysis: The pyrolysis of the cyclopentadiene 
dimer is useful in isolating the chemistry due to cyclopentadienyl radical decomposition. 
Figure 5 shows that the dimer is completely converted to the monomer by 775 K via the 
retro Diels Alder reaction of reaction 4.  
 
Figure 5. The 118.2 nm PIMS resulting from heating a mixture of 1.7 Torr cyclopentadiene 
dimer (C10H12) in 2000 Torr He (0.09%) in a µtubular reactor. The SiC tube is heated to 300 K 
(bottom trace), 575 K, 1375 K, and 775 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
(4) 
The PIMS spectra of CPD pyrolysis under low partial pressure conditions are 
shown in Fig. 6 while Fig. 7 shows CPD pyrolysis at high partial pressure.   
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Figure 6. The 118.2 nm PIMS resulting from heating a mixture of 1.7 Torr cyclopentadiene 
dimer (C10H12) in 2000 Torr He (0.09%) in a µtubular reactor. The SiC tube is heated to 300 K 
(bottom trace), 1375 K, 1475 K, and 1675 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
As shown in reaction 5, the first CPD thermocracking step is loss of a hydrogen atom to 
form CPDR and begins near 1375 K. The CPDR then decomposes into propargyl radical 
and acetylene.  
 
(5) 
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B. Bimolecular Reactions in Anisole Pyrolysis: This section will establish 
methylcyclopentadiene (MCPD) decomposition as the primary source of benzene in our 
system from 1275 – 1475 K. Propargyl radical recombination will also be considered as a 
benzene formation pathway. Though our basic kinetic analysis of anisole decomposition 
is consistent with our observations, accurately modeling benzene formation from 
reactions 1 and 2 is extremely complicated. The propargyl radical recombination 
potential energy surface consists of no fewer than 11 stable C6H6 isomers, each of which 
could rearrange to form benzene. Miller and Klippenstein report a lumped mechanism for 
propargyl radical recombination that still includes 10 reactions and advise against 
simplifying further.141 Accurately modeling MCPD decomposition also requires 
accounting for numerous isomers, pathways and intermediates.143,144,173 Due to these 
difficulties and the unknown pressure and temperature distributions in the tubular reactor, 
we cannot undertake a detailed kinetic analysis of benzene formation. The following 
discussion is centered on establishing and elucidating mechanistic pathways important to 
formation of benzene, the PAH naphthalene and other important species. We comment on 
kinetics throughout the text where appropriate and helpful. 
 i. Proof of Benzene Formation: Resonance-enhanced multiphoton ionization 
was used to confirm the formation of benzene, phenol and naphthalene in our anisole 
pyrolysis experiments. Figure 7 demonstrates the selectivity of REMPI and shows mass 
specta obtained at the indicated wavelengths for anisole pyrolysis at 1475 K.  
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Figure 7. Resonance enhanced multiphoton ionization TOF mass spectra of anisole pyrolysis at 
1475 K at different wavelengths. The temperature is measured on the outside of the SiC tube. Y-
axis scaling is done so the most dominant peak in each spectrum extends the length of the plot.  
 
At 259.1 nm, benzene has a strong resonance and thus dominates the mass spectrum. At 
275.1 nm, phenol, likely generated by a hydrogen abstraction reaction involving phenoxy 
radical, shows resonant behavior, while at 279.1 nm, naphthalene is the major product 
observed. The m/z 102 shown in the 275.1 nm REMPI mass spectrum is likely 
phenylacetylene (C6H5CCH) and it is discussed briefly later. 
 In Fig. 8 the REMPI wavelength spectrum of the m/z 78 species observed in 
anisole pyrolysis at 1475 K is compared to the REMPI wavelength spectrum of a 
prepared benzene standard from 258 – 268 nm.  
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Figure 8. Upper curve: 1 + 1 Resonance enhanced multiphoton ionization wavelength scan of 
m/z 78 observed in anisole pyrolysis at 1475 K recorded with a 0.02 nm step size. The 
temperature is measured on the outside of the SiC tube. Bottom curve: 1 + 1 REMPI scan of m/z 
78 for the benzene standard recorded with a 0.05 nm step size. Assignments of the 
! 
A
~
1B2u 
! 
" X
~
1A1g vibronic components (only the three largest peaks are labeled) are based on the work of 
Atkinson and Parmenter.174 
 
The excellent agreement between the two spectra is definitive proof of the formation of 
benzene in the anisole pyrolysis vapor. The peak at 259.1 nm is due to the well known 
1B2u (υ6 v = 1) ← 1A1g (υ6 v = 0) transition.174-176 The spectra in Fig. 8 match closely 
those observed by Kohse-Höinghaus et al.177 and assignments are based on the work of 
Atkinson and Parmenter.174 The REMPI measurements of m/z 94 compared to a prepared 
phenol standard also confirm the presence of a small concentration of phenol in the 
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anisole pyrolysis vapor. The phenol formation pathway is unknown, but may result from 
hydrogen abstraction reactions by phenoxy radical. 
ii. MCPD Formation: The peak at m/z 80 in the anisole mass spectra first 
resolved at 1275 K (Fig. 1) is due to methyl radical recombination with CPDR to form 
MCPD (reaction 6).  Observations of m/z 83 in the d3-anisole pyrolysis spectra of Fig. 3 
and m/z 88 in the d8-anisole pyrolysis spectra of Fig. 4 (reactions 7 and 8) corroborate 
this assignment 
        (6) 
        (7) 
        (8)    
Pecullan et al.166 claim that methyl radical recombination with phenoxy radical to form 
methylcyclohexadienone, followed by the ejection of a CO, is the primary MCPD 
formation pathway in anisole pyrolysis. However, the production of 
methylcyclohexadieneones in our system is likely very limited. Phenoxy radical is never 
observed in high abundance and has a concentration below detection limits by 1375 K. 
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Though CO ejection from phenoxy radical (reaction 3) proceeds with a modest pre-
exponential factor (A = 7.4 x 1011 s-1)106 the small activation energy (Ea = 54 
kcal/mol)103,105,167,178 becomes paramount at high temperatures. Using these kinetic 
parameters and those listed in Table 2 provided by Arends et al.165 for phenoxy radical 
formation from anisole, we compute that at 1375 K and at the ~65 µs residence time of 
our tubular reactor, phenoxy radical should be present at a concentration of 1% that of the 
parent anisole in the unpyrolyzed sample. At 1375 K no m/z 108, corresponding to both 
the parent anisole and methylcyclohexadieneone, is detected in PIMS or REMPI. In 
contrast, at 1375 K, a significant amount of MCPD and its decomposition products are 
observed. Methylcyclohexadieneone formation and decomposition may be of much 
greater importance at lower temperatures and significantly longer residence times, 
conditions used in the flow tube experiments of Pecullan et al.166 
To verify the bimolecular nature of the production of MCPD, a lower partial 
pressure of 1 Torr anisole in 2000 Torr He was used. At 1375 K, the 2 Torr sample yields 
approximately 4 times the amount of m/z 80 signal relative to the m/z 65 signal. Since 
CPDR at originates mostly from unimolecular decomposition and because bimolecular 
products are found in low concentration, the m/z 65 signal can be used to normalize 
signal intensities between spectra taken with different anisole partial pressures. Table 3 
details these results. Similar ratios were found for the analogous species in the d3-anisole 
and d8-anisole pyrolysis experiments. These observations are consistent with bimolecular 
reactions, as higher partial pressures will result in increased collision frequency between 
reactant molecules. 
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Table 3: Signal size for the indicated peaks in anisole pyrolysis observed at 1375 K for 
partial pressures of 1 Torr and 2 Torr anisole in 2000 Torr He. The m/z 65 corresponds to 
cycopentadienyl radical resulting from the unimolecular decomposition of anisole. 
Columns 4 and 5 are the ratios of the indicated signals relative to amu 65. The last 
column is equal to the corresponding value in column 5 divided by the value in column 4. 
These values show that the concentrations of m/z 78, 79, and 80 in anisole pyrolysis 
decrease dramatically relative to the concentration of unimoleuclar decomposion 
products when the partial pressure of sample gas is lowered. This is characteristic of 
products resulting from bimolecular reactions. 
 
Anisole 
1375 K  Signal Size (mV) 
m/z 1 Torr 2 Torr 
Ratio X/65    
(1 Torr) 
Ratio X/65 
(2 Torr) 
Ratio 2 Torr/1 Torr 
Relative to m/z 65  
65 12.3 40.3 1 1 1 
78 0.15 1.40 0.012 0.035 2.85 
79 0.20 2.05 0.016 0.051 3.13 
80 0.16 2.20 0.013 0.055 4.20 
 
iii. MCPD Decomposition: Along with m/z 80, peaks are also clearly visible in 
anisole at 1375 K at m/z 79 and 78 (Fig. 1), while corresponding peaks are observed in 
d8-anisole at m/z 88, 86 and 84 (Fig 4). These masses are consistent with two subsequent 
hydrogen atom loses or abstractions from MCPD. Such a decomposition was studied by 
Dubnikova et al.143 to investigate the formation of benzene from the pyrolysis of MCPD, 
a reaction later observed by the same group in shock tube studies.144 The mechanism 
involves a ring expansion after the initial hydrogen atom ejection. Similar ring 
expansions have also been observed in tert-Butyl-1,3-cyclopentadiene.179 We are not 
aware of any previous observation of the intermediate m/z 79 species in the MCPD 
decomposition. Since the MCPD originates from a bimolecular reaction, the 
concentration of its decomposition products would also be expected to diminish relative 
to species resulting from unimolecular decompositions. As shown in Table 3, at 1375 K, 
when a partial pressure of 1 Torr of anisole is used, the peaks at m/z 79 and 78 are 
smaller by a factor of approximately 3 relative to the CPDR peak compared to when a 
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partial pressure of 2 Torr is used. Similar ratios are observed for the analogous species in 
the d3-anisole and d8-anisole pyrolysis experiments. 
To test the conclusion that benzene formation in anisole pyrolysis largely 
originates from MCPD decomposition, we studied the pyrolysis of MCPD generated 
from the MCPD dimer (reaction 9). One can see in Fig. 9 that the dimer is completely 
cracked to the monomoer by 775 K. 
       (9) 
 
Figure 9. The 118.2 nm PIMS resulting from heating a mixture of approximately 2 Torr 
methylcyclopentadiene dimer in 2000 Torr He (0.1%) in a µtubular reactor. The SiC tube is 
heated to 375 K (bottom trace) and 775 K (top trace). These spectra clearly show that the dimer is 
completely converted to the monomer by 775 K. Y-axis scaling is done so the most dominant 
peak in each spectrum extends the length of the plot. 
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The three isomers of MCPD are shown in Scheme 1 and are all expected to be generated 
from the dimer decomposition.  
                  Scheme 1 
Energy barriers for the 1,5 sigmatropic H-atom shift in CPD have been calculated to be 
approximately 25 kcal/mol180 and the energy barrier for 5-MCPD to 1-MCPD transition 
has been found to be ~24 kcal/mol experimentally.181 Activation energies for the 5-
MCPD to 1-MCPD and the 1-MCPD to 2-MCPD shifts have each been calculated to be 
25 kcal/mol. The computed modified pre-exponential factors are 2.8 × 1012 × T/1000 and 
3.3 × 1013 × T/1000 respectively, where T is temperature in K.173 The rate constants of 2 
× 108 s-1 and 2 × 109 s-1 at 1275 K indicate that such shifts can readily occur at the 
temperatures and time scales employed here. 
 In Fig. 10 we present the PIMS spectra of MCPD at low partial pressure to limit 
bimolecular chemistry.  Reaction 10 shows the two primary decomposition channels. The 
MCPD can lose a methyl group to form CPDR (m/z 65), which will further decompose to 
propargyl radical (m/z 39) and acetylene. This was also observed in a previous study of 
MCPD by Ikeda et al182 and is in agreement with previous kinetic studies discussed 
below.144,173 A second major decomposition pathway is hydrogen atom loss from MCPD 
to form an m/z 79 intermediate before undergoing a ring expansion and losing an 
additional hydrogen atom to form benzene at m/z 78.  
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Figure 10. The 118.2 nm PIMS resulting from heating a mixture of 0.4 Torr 
methylcyclopentadiene dimer (C10H12) in 2000 Torr He (0.02%) in a µtubular reactor. The SiC 
tube is heated to 375 K (bottom trace), 1175 K, 1275 K, and 1575 K (top trace). Y-axis scaling is 
done so the most dominant peak in each spectrum extends the length of the plot. 
 
 (10) 
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In Fig. 10, one can see that in MCPD pyrolysis at 1175 K, the first trace of m/z 78 is 
observed before any propargyl radical is detected. At 1275 K, benzene is a strong peak in 
the spectrum while only minimal propargyl radical is being generated. In contrast, in 
CPD pyrolysis experiments in which higher partial pressures were used (Appendix B Fig. 
3), no m/z 78 was observed below 1375 K. These data help confirm that in the anisole 
system, in which the m/z 80, 79 and 78 sequence is clearly observed (Fig. 1; 1375 K), 
benzene production is more likely to occur through MCPD decomposition (reaction 2) 
than propargyl radical recombination (reaction 1). 
 Figure 11 shows the progression of the reactions near m/z 78 in MCPD and 
anisole as the temperature of the tubular reactor is increased. The anisole and MCPD 
spectra are very similar. The discrepancy of ~100 K is due to a new thermocouple 
installed for the dimer compound studies. When anisole was studied again for diagnostic 
purposes, the same temperature shift was observed. The three isomers of MCPD differ in 
the position of the methyl group relative to the sp3 ring carbon (Scheme 1). These 
structures have been calculated to be within 3 kcal/mol of each other.143 Because of the 
nature of the methyl recombination reaction with CPDR in anisole pyrolysis, 5-MCPD is 
initially generated in our tubular reactor. As mentioned, Ikeda et al.182 reported methyl 
radical dissociation from MCPD as a significant decomposition channel, an observation 
confirmed here (Fig. 10). Those authors point out that the methyl radical loss must occur 
from the 5-MCPD isomer (73 kcal/mol)183 as the dissociation from the 1- or 2-MCPD 
isomers have barriers of greater than 100 kcal/mol.  
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Figure 11. Left: The 118.2 nm PIMS resulting from heating a mixture methylcyclopentadiene 
dimer (C10H12) in 2000 Torr He in a µtubular reactor. Right: PIMS spectra of anisole pyrolysis. 
 
 A survey of previous kinetic research associated with MCPD reveals a few 
insights important to interpreting our results. As discussed above, the three isomers 
shown in Scheme 1 all likely contribute to benzene formation to varying degrees. The 
numerous decomposition channels of the three isomers are very different and are thus not 
surprisingly governed by very different kinetics. After the first hydrogen atom loss, the 
most probable pathway to benzene for any MCPD isomer is through isomerization to 5-
MCPD followed by ring expansion to cyclohexadienyl radical. Hydrogen abstractions 
from MCPD by methyl radical or other H atoms are likely important. A much more 
through analysis of MCPD kinetic implications is given in Appendix C. 
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 iv. Benzene Formation in d3-Anisole Pyrolysis: There are three likely channels 
for benzene formation via bimolecular chemistry in anisole pyrolysis. The d3-anisole 
provides a unique opportunity to study each individually. The three benzene formation 
pathways are given in reactions 11 and 12 along with propargyl radical recombination as 
discussed above (reaction 1). In reaction 11, one possibility of MCPD decomposition to 
benzene is given. Deuterium loss or abstraction from the d3-methyl group of 5-MCPD to 
form 5-methylenecyclopentadiene radical at m/z 81 is followed by d2-cyclohexadienyl 
radical formation via a bicyclic intermediate and subsequent ring expansion.143 The d2-
cyclohexadienyl radical will then rapidly lose a deuterium atom and isomerize to d1-
benzene at m/z 79. 
 
(11) 
A different pathway shown in reaction 12 is initiated by hydrogen loss or abstraction 
from the ring sp3 carbon to form 5-methylcyclopentadienyl radical, followed by 
isomerization to 5-methylenecyclopentadiene that allows for formation of the bicyclic 
intermediate that facilitates ring opening. Isomerization of 5-methylcyclopentadienyl 
radical to 5-methylenecyclopentadiene is the second step of reaction 12. Cyclohexadienyl 
radical is formed with three deuterium atoms at m/z 82 and ejection of deuterium atom 
results in d2-benzene at m/z 80.  
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(12) 
Because the unimolecular decomposition of d3-anisole results in non-deuterated 
propargyl radical, propargyl radical recombination forms non-deuterated benzene (C6H6) 
at m/z 78 as in reaction 1. Because of the different masses involved in the benzene 
formation pathways presented in reactions 1, 11 and 12, the d3-anisole pyrolysis 
experiments are an excellent tool to probe the detailed mechanisms involved in benzene 
formation. Our observation of m/z 82 and 81 in d3-anisole pyrolysis (Fig. 3) indicates that 
the initial H-atom ejection from MCPD can originate from either the methyl group or the 
ring. However, two PIMS observations suggest that the latter corresponding to reaction 
12 is preferred. First, as can be seen in Fig. 12, in d3-anisole pyrolysis, significantly more 
m/z 82 is observed than 81, indicating that it is more probable for the initial hydrogen 
loss to originate from the ring. Second, in the higher temperatures, much more m/z 80 is 
observed than 79. This would be expected if the final stable species was d2-benzene, the 
product of reaction 12. As discussed in Appendix C, variations of these reactions will 
also exist for both the 1- and 2-MCPD compounds via isomerizations of the 
intermediates. Propargyl radical recombination appears to play a more significant role at 
the highest temperature studied (1575 K) and peaks at m/z 78, 77 and 76 are consistent 
with both competing propargyl radical recombination channels of reaction 1 of Appendix 
B. 
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Figure 12. The 118.2 nm PIMS resulting from heating a mixture of 2 Torr methyl-deuterated 
anisole in 2000 Torr He (0.1%) in a µtubular reactor. The SiC tube is heated to 1275 K (bottom 
trace), 1375 K, 1475 K, and 1575 K (top trace). Y-axis scaling is done so the most dominant peak 
in each spectrum extends the length of the plot. 
 
The REMPI results on d3-anisole validate these observations. One can see in Fig. 
13, that m/z 80, 79 and 78 follow the same vibronic excitation fingerprint structure of 
benzene. The d1-benzene resonances are shifted slightly from the non-deuterated benzene 
due to changes in the vibrational band structure induced by the deuterium atoms. 
Monodeuterated benzene has C2v point group symmetry and the doubly degenerate ν6 
mode is split into two modes, ν6a and ν6b. The 6a01 and 6b01 transitions have been 
observed at 258.84 nm and 258.82 nm, respectively.184 We would not resolve such a 
small splitting, due to the temperature of our beam (~50 K) and line width (6.5 cm-1) of 
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the laser, but do observe a single peak centered at 258.83 nm (Fig. 13, middle spectrum). 
In REMPI experiments of monodeuterated benzene, we reproduced the middle spectrum 
of Fig. 13 very closely. 
 
Figure 13. 1 + 1 resonance ehanced multiphoton ionization scans of d3-anisole pyrolysis. The 
temperature is measured on the outside of the SiC tube.  The spectra are shown with the same Y-
axis scaling.  Upper curve: m/z 80; Middle curve: m/z 79; Lower curve: m/z 78.  Each series of 
lines of the same color help guide the eye to see shifts in the analogous transitions.  See Fig. 8 for 
spectroscopic assignments. 
 
A further shift to higher energy would be expected for photon absorption by d2-benzene 
and is observed in the upper scan of Fig. 13.  Lines to guide the eye show the consistent 
shifts in energy of the analogous transitions in the three benzene isomers, a reflection of 
the excitation of the ring modes. The three spectra shown in Fig. 13 were taken at the 
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same time and are plotted on the same scale. The bottom curve (m/z 78) shows the lesser 
amount of benzene being generated due primarily to propargyl radical recombination.   
A slight amount of scrambling is observed at 1475 K (Fig. 3) and produces some 
MCPD with varying degrees of deuteration. This scrambling thus accounts for part of the 
various benzene isotopes observed. However, a careful analysis of the scrambling 
observed in the d3-anisole pyrolysis PIMS signal compared to that of non-deuterated 
anisole confirms that propargyl radical recombination accounts for a small portion of the 
benzene concentration.185   
Another possibility that must be addressed is that 5-methylenecyclopentadiene or 
5-methylcyclopentadienyl radical can lose a hydrogen atom without undergoing a ring 
expansion, thus forming fulvene. Fulvene can then isomerize to benzene via a bicyclic 
pathway that involves several transition states and intermediates.143 The fulvene to 
benzene conversion proceeds at a fairly slow rate.173 In the flow tube experiments of 
Pecullan et al.166 benzene production in anisole pyrolysis was attributed to MCPD 
decomposition. No evidence for fulvene or linear C6H6 moieties was mentioned. No 
evidence for m/z 78 compounds other than benzene was seen in our non-deuterated 
anisole REMPI experiments. However, we are unaware of existing fulvene UV or 
REMPI data with which to compare and thus cannot state definitively that fulvene does 
not contribute to m/z 78 formation in our PIMS experiments.  
 
C. Naphthalene Production 
 Naphthalene is an important precursor in the formation of larger PAHs.129 The 
recombination of two cyclopentadienyl radicals has long been thought to be an important 
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source of naphthalene in decomposition and combustion processes.30,183,186-190 The 
mechanism predicted by Melius et al.183 has gained wide acceptance. This reaction 
involves the formation of a dihydrofulvane (C10H10; m/z 130) with a single bond 
connecting two cyclic C5H5 moieties. Two subsequent hydrogen atom ejections lead to an 
m/z 129 species and finally, naphthalene (reaction 13).183   
         (13) 
Numerous intermediates and transition states exist along the potential energy surface. 
Using BAC-MP4 (Bond-Additivity-Corrected Moeller-Plesset 4th-Order Perturbation) 
calculations, the largest single step activation energy was found to be 77 kcal/mol. A 
competing reaction is the formation of fulvalene183 at m/z 128.  
 In the anisole pyrolysis study of Friderichsen et al.,30 a large CPDR signal was 
seen, but no naphthalene was observed. Though several experimental studies have 
attributed naphthalene observation to CPDR recombination,142,166,182,191 there have been 
no previous observations of the m/z 129 precursor species.191  
In each of the compounds investigated here, we searched for a naphthalene signal.  
Figure 14 shows that at 1425 K, in both anisole and d8-anisole, the mass peak associated 
with naphthalene (128 in anisole and 136 in d8-anisole) was observed. Furthermore, the 
intermediate mass peaks at 130 and 129 were resolved in the anisole pyrolysis, while a 
peak at 138 (C10D9) was resolved in the d8-anisole experiment.  
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Figure 14. Bottom: The 118.2 nm PIMS resulting from heating a mixture of 2 Torr anisole in 
2000 Torr He (0.1%) in a µtubular reactor at 1475 K. Top: PIMS of 2 Torr d8-anisole in 2000 
Torr He (0.1%) at 1475 K. Y-axis scaling is done so the most dominant peak in each spectrum 
extends the length of the plot. The m/z 127 peak seen in both spectra is due to a small 
amount of iodine contamination. 
 
Due to waveform restrictions in our oscilloscope, the d8-anisole data was obtained at a 
lower resolution than was used for anisole and the dimer compounds. This explains the 
greater difficulty in resolving the intermediate peaks. The mass 127 peak seen in both 
spectra is due to a small amount of iodine contamination. At this temperature, isotope 
scrambling was somewhat problematic in d3-anisole and considering the very small 
naphthalene signal, it is not surprising that it was not seen. Figure 15 shows that in both 
of the dimer compounds, in which considerable concentrations of c-C5H5 exists in the 
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pyrolysis gas, the 130, 129, 128 reaction sequence is observed, indicating the same 
naphthalene formation mechanism of reaction 13.   
 
Figure 15. Bottom two curves: The 118.2 nm PIMS resulting from heating a mixture of C5H6 
dimer in 2000 Torr He in a µtubular reactor at 1450 K and 1500 K. Top two curves: PIMS of 
C5H6CH3 in 2000 Torr He at 1275 K and 1375 K. Y-axis scaling is done so the most dominant 
peak in each spectrum extends the length of the plot.  
 
 i. REMPI Confirmation of Naphthalene Production: The upper curve of Fig. 
16 shows the UV spectrum of gas phase naphthalene reproduced from Ferguson et al. 
from 266 to 285 nm.192 The middle curve is the m/z 128 REMPI signal observed in 
anisole pyrolysis at 1475 K in the same range.   
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Figure 16. Upper curve: Gas phase UV spectrum of naphthalene reproduced from Ferguson et 
al.192 Middle curve: Resonance enhanced multiphoton ionization scan of m/z 128 observed in 
anisole pyrolysis at 1475 K. The temperature is measured on the outside of the SiC tube. Bottom 
curves: REMPI scan of m/z 128 for anisole pyrolysis at 1475 K and for the naphthalene standard. 
Both lower REMPI curves are normalized by dividing by the square of the laser power. 
 
There is excellent agreement between the UV and REMPI signals as would be expected 
for processes that share an initial single photon absorption step. Ejection of the excited 
electron into the continuum by absorption of a second photon is not expected to have a 
highly featured cross section as a function of wavelength.   
 When no very sharp resonances are seen, laser power fluctuations can make it 
difficult to definitively assign products based on observations of standards. This was 
problematic in our naphthalene REMPI experiments. Accounting for the power 
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fluctuations caused significant additional noise in the spectra. However, to verify the m/z 
128 signal observed in anisole pyrolysis against a naphthalene standard, we normalized 
small portions of each in a region containing a characteristic REMPI peak. The lower two 
curves of Fig. 16 show the m/z 128 REMPI signals from 1475 K anisole pyrolysis and a 
pure naphthalene standard. Both curves are corrected for power fluctuations by dividing 
by the square of the power entering the ionization chamber (the two-photon REMPI 
process has a quadratic dependence on laser power). The poorer signal to noise ratio is a 
reflection of the noise in the power readings. One can see the two spectra agree very well. 
Along with the UV comparison, this provides definitive proof of naphthalene production 
in anisole pyrolysis.    
 
D. Other Species: At 1575 K, a peak at m/z 52 is observed in anisole (Fig. 1), while 
d8-anisole displays a peak at 56 (Fig. 4). These masses likely indicate formation of vinyl 
acetylene (C4H4; C4D4). Peaks are resolved at this temperature in d3-anisole at each 
integer value between 50-55. The wide range of values results from isotope scrambling. 
Peaks at m/z 50 and 52 are also seen in both dimer compounds. The m/z 50 peaks 
throughout this work are assigned to diacetylene (HCCCCH) and likely result from 
propargyl radical recombination (see Appendix B)  
At high partial pressures and high temperatures in CPD pyrolysis a series of peaks 
at 104, 103 and 102 is observed. This is shown in supplementary Fig. 17. These likely 
correspond to a C8H8 compound resulting from propargyl radical recombination with 
CPDR. The subsequent hydrogen loss reactions may be similar to the ring expansion 
described above for MCPD. In this case, such a reaction could result in phenylacetylene 
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at m/z 102. The propargyl radical recombination with CPDR may be an important 
precursor reaction in the growth of PAHs and warrents further research.  
 
Figure 17. The 118.2 nm PIMS resulting from cyclopentadiene dimer (C10H12) heated in the 
sample probe. The µtubular reactor was backed by 2000 Torr He. The SiC tube is heated to 1450 
K (bottom trace), 1500 K, 1550 K, and 1600 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
III. Conclusions 
 Using our hyperthermal µtubular reactor with ~65 µs retention times we studied 
the pyrolysis of anisole using both single photon ionization as well as 1 + 1 resonance 
enhanced multiphoton time-of-flight mass spectrometry. The results of methyl-deuterated 
anisole, perdeutero anisole, cyclopentadiene dimer and methylcyclopentadiene dimer 
pyrolysis experiments elucidate both the unimolecular and bimolecular chemistry 
observed in anisole pyrolysis. Our results show that though propargyl radical is a major 
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product of the thermal decomposition of anisole, it has a limited role in benzene 
production. Instead, the formation and subsequent decomposition of 
methylcyclopentadiene is the major source of benzene. This work includes the first 
observation of the m/z 79 species, likely due to several intermediate radical species, in 
the decomposition of methylcyclopentadiene. The recombination of two cyclopentadienyl 
radicals is shown to produce naphthalene through a mechanism involving two 
independent hydrogen losses. This work also achieves the first observation of the 
associated C10H9 precursor species at m/z 129.  
 The detailed kinetic analyses of many of the reactions discussed here have been 
done previously, including for propargyl radical recombination,139,141 decomposition of 
cyclopentadienyl radical,169 methyl radical recombination with cyclopentadienyl 
radical,173 decomposition and ring expansion of methylcyclopentadiene,143,144,173 and 
cyclopentadienyl radical recombination to naphthalene.190 These studies provide in-depth 
analysis of the respective reaction pathways. However, we note that an updated, detailed 
kinetic mechanism of anisole pyrolysis that includes propargyl recombination paths as 
well as methylcyclopentadiene decomposition would be very useful.   
 
The work in this chapter has been published in the Journal of Physical Chemistry A: 
J. Phys. Chem. A 114, 9043 (2010). (A.M. Scheer, C. Mukarakate, D.J. Robichaud, G.B. 
Ellison and M.R. Nimols). 
 
 
 
 104 
Chapter 6 
 
Thermal Decomposition Mechanisms of the Methoxyphenols: Formation of 
Phenol, Cyclopentadienone, Vinylacetylene and Acetylene 
 
 
I. Introduction 
We have used a heated microtubular (µtubular) reactor23,24,26,27 to study the 
thermal cracking of the methoxyphenols: ortho, meta, and para-guaiacol (reaction 1).  
 
HO-C6H4-OCH3 + ∆ → products                                                                          (1) 
 
 
Our results show a common fragmentation pattern for all three guaiacol isomers. This 
consistent decomposition scheme is predictive and may allow the mapping of the thermal 
cracking of larger aryl ethers and lignin. The REMPI spectra reveal a bimolecular 
reaction between the CH3 and C5H4OH radicals to form hydroxymethylcyclopentadiene, 
which further decomposes to phenol. 
 
CH3 +  HOC5H4 + ∆ → [HO-C5H4-CH3] → H + [HO-C5H3-CH3] → H + HOC6H5 (2) 
 
 
Reaction 2 is consistent with the observation37 that pyrolysis of anisole generates methyl 
radicals and cyclopentadienyl radicals, CH3 + C5H5, which subsequently recombine to 
produce methylcyclopentadiene. The methylcyclopentadiene is then observed to undergo 
two hydrogen atom losses and a ring expansion to form benzene. Radical recombination 
reactions have been shown to produce stable aromatic species that are known to be 
important PAH precursors.143,144  
 The o-guaiacol was obtained from Fluka at a stated purity of 98%.  The m- and p-
guaiacols were obtained from Sigma Aldrich at stated purities of 96% and 99%, 
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respectively. No further purification was performed. Vinylacetylene was obtained from 
GFS Chemicals and was assayed to be a 51.4% mixture in xylene.  Our PIMS results on 
the vinylacetylene mixture, both at room temperature and 1475 K, somewhat surprisingly 
showed only vinylacetylene (m/z 52) with no trace of xylene.  To ensure a pure sample 
for the matrix IR experiment, the vinylacetylene/xylene mixture was introduced to a 
vacuum tube where it was frozen in a liquid nitrogen bath. The nitrogen bath was then 
removed and the vapor (roughly 2 Torr) from the thawing sample was taken as the 
portion to be mixed with Ar and deposited on the CsI window. The acetylene was atomic 
absorption grade obtained from Airgas and was in an acetone stabilizer. No further 
purification was performed and no signal from acetone was detected.   
 
II. Results and Discussion 
A. Unimolecular Decomposition of Methoxyphenols: The unimolecular 
decomposition of anisole (C6H5OCH3) has been established as a radical 
process30,37,93,95,98,104,105,193 and is detailed in Chapter 4: 
 
 C6H5OCH3 + ∆ → CH3 + [C6H5O] → CH3 + CO + C5H5 (3) 
 
 
We anticipate37 the thermal decomposition of the guaiacol isomers will be analogous to 
reaction 3. The o-guaiacol PIMS spectra from room temperature to 1575 K are shown in 
Fig. 1. In Figs. 2 and 3 we present the analogous results for m-guaiacol and p-guaiacol, 
respectively. Each isomer follows the same decomposition pattern. In each case, the onset 
of pyrolysis is observed at approximately 1000 K.  
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Figure 1. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr o-
guaiacol in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 375 K (bottom 
trace), 1075 K, 1375 K, and 1575 K (top trace). Y-axis scaling is done so the most dominant peak 
in each spectrum extends the length of the plot.  
 
 The thermochemistry of the methoxyphenols is not well known. We expect the 
bond energies of these aromatic ethers to be similar to that of phenol and anisole. Table 1 
shows the result of electronic structure calculations of the bond energies of C6H5OH, 
C6H5OCH3, and the three isomeric guaiacols. The CBS-QB3 calculations do a good job 
predicting the bond energies of phenol and anisole and we believe they will provide a 
reliable guide for understanding the methoxyphenols. The initial products in the thermal 
decomposition of the methoxyphenols are consistent with reaction 3. The parent ions, (o-
HO-C6H4-OCH3+, m-HO-C6H4-OCH3+, p-HO-C6H4-OCH3+) appear at m/z 124. Thermal 
 107 
cleavage of the CH3-OC6H4OH bond produces CH3 (m/z 15) and the corresponding 
hydroxyphenoxy radical, HOC6H4O (m/z 109). 
 
Figure 2. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr m-
guaiacol in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 375 K (bottom 
trace), 1175 K, 1275 K, and 1575 K (top trace). Y-axis scaling is done so the most dominant peak 
in each spectrum extends the length of the plot.  
 
More HOC6H4O is observed in the o- and p-guaiacol than in the m-guaiacol. This is 
likely a reflection of a slightly smaller barrier associated with the HOC6H4O exit 
channel194 and the slightly larger OHC6H4O-CH3 bond energy in m-guaiacol.193 
Decarbonylation generates the hydroxycyclopentadienyl radical, HOC5H4 (m/z 81), 
reaction. 4. These observations are in agreement with Suran et al.193 
In earlier studies30,37 of C6H5OCH3 including Chapter 4, (reaction 3), formation of 
CH3 and C5H5 radicals were observed. At higher temperatures37 the C5H5 radical was 
found to decompose to HCCH + HCCCH2 (propargyl radical). However Figs. 1 – 3 
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suggest that the hydroxycyclopentadienyl radical eliminates H atom to produce 
cyclopentadienone at m/z 80.  
 
Figure 3. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr p-
guaiacol in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 475 K (bottom 
trace), 1175 K, 1275 K, and 1575 K (top trace). Y-axis scaling is done so the most dominant peak 
in each spectrum extends the length of the plot.  
 
Table 1 
Methoxyphenol Thermochemistry: CBS-QB3 Electronic Structure Calculations195 
 
 DH298/kcal mol-1 Experimental DH298/kcal mol-1 Ref. 
 
C6H5O-H 87 ± 1 87.3 ± 0.5 20,100   
o-H-OC6H4OCH3 87 ± 1  
m-H-OC6H4OCH3 84 ± 1 
p-H-OC6H4OCH3 82 ± 1 
C6H5O-CH3 66 ± 1 63.4 ± 0.6 100,102,196 
o-HOC6H4O-CH3 58 ± 1                                       57.5 193 
m-HOC6H4O-CH3 64 ± 1                                       65.0  193 
p-HOC6H4O-CH3 61 ± 1                                       62.2 193 
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Figures 1-3 indicate that further heating of the guaiacols to 1575 K generates a species 
with m/z 52 which we assign as HC≡C-CH=CH2, vinylacetylene. These steps are shown 
in reaction 5.  
                  (4) 
              (5) 
The matrix IR spectra in Figs. 4 – 6 confirm the identity of cyclpentadienone, m/z 
80, and vinylacetylene, m/z 52. Table 2 given at the end of the chapter documents the 
vinylacetylene infrared modes. Infrared spectra were collected for o-methoxyphenol 
decomposition using the µtubular reactor at 375 K, 1075 K, 1275 K and 1475 K. The 
initial IR spectrum of o-guaiacol at 375 K shows the characteristic O-H stretch of the 
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parent o-CH3OC6H4O-H at 3576 cm-1, in agreement with that of 3572 cm-1, also reported 
in an argon matrix.197  
 
Figure 4. Matrix IR absorption spectra from 1350 cm-1 to 1120 cm-1 of the 1275 K pyrolysis 
products resulting from mixing approximately 1 Torr o-guaiacol in 900 Torr Ar (0.1 %) (black 
spectrum, top). A background scan of Ar heated to 1275 K is plotted in green (bottom). Known 
bands of parent o-guaiacol are marked by P and a set of features assigned to cyclpentadienone are 
marked by (°). The intense >C=O band of cyclopentadienone appears as the insert from 1720 cm-1 
to 1735 cm-1.  
 
The 1275 K matrix IR spectra shown in Figs. 4 and 5 affirm the presence of 
cyclopentadienone, C5H4=O. Cyclopentadienone has been prepared, at least transiently, 
by pyrolysis of its Diels-Alder adduct.198 The vibrational spectrum of C5H4=O was first 
reported 30 years ago199 and established the infrared bands of this anti-aromatic ketone 
through a comparative study of the decomposition of nine different precursors.200,201 No 
vibrational analysis of the IR spectrum of C5H4=O was attempted. Thermal 
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decomposition of o-phenylene sulfite has been used202 to produce molecular beams of 
cyclopentadienone in a photoelectron spectrometer in order to measure the ionization 
energy. We have also generated cyclopentadienone and perdeutero cyclopentadienone by 
this method in order to assign the IR spectrum. Results will be presented in a future 
paper.  
 
Figure 5. Matrix IR absorption spectra from 1000 cm-1 to 600 cm-1 of authentic samples of 
HC≡CH (bottom) and HC≡CCH=CH2 (middle) and the 1275 K pyrolysis products resulting from 
mixing approximately 1 Torr o-guaiacol in 900 Torr Ar (0.1 %) (red spectrum, top). The known 
bands of HC≡CCH=CH2 are marked by (•) and the ν5 feature of HC≡CH is marked by (↓). A pair 
of bands assigned to cyclpentadienone are marked by (°). 
 
Figures 4 and 5 show that strong IR transitions of cyclopentadienone are observed 
at 628, 820, 1135 and 1332 cm-1. These bands closely match those reported by 
Maier200,201 (Table 1). The diagnostic carbonyl stretch that has been reported199 at 1709 
cm-1 on a sodium chloride window at 77 K appears200,201 as a doublet at 1724 and 1727 
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cm-1 in an Ar matrix at 20 K. We also observe this feature as a strong doublet at 1726 and 
1729 cm-1 (Fig. 4). 
Figs. 5 and 6 show authentic IR spectra for HCCH and HC≡C-CH=CH2 plotted 
below the experimental scans for thermal cracking of o-CH3OC6H4OH at 1275 K (red 
traces at the top).  
 
Figure 6. Matrix IR absorption spectra from 3340 cm-1 to 3265 cm-1 of authentic samples of 
HC≡CH (bottom) and HC≡CCH=CH2 (middle) and the 1275 K pyrolysis products resulting from 
approximately 1 Torr of o-guaiacol in 900 Torr Ar (0.1 %) (red spectrum, top). The known ν1 
bands of HC≡CCH=CH2 are marked by (•) and the ν3 features of HC≡CH are marked by (↓). 
 
In Fig. 6, The bands marked by the arrow (↓) at 3301 cm-1 and 3287 cm-1 belong to 
acetylene, ν3(HCCH), and are the absorptions associated with the well-known
116 Darling-
Dennison mixing of ν3 and ν2 + ν4 + ν5. The features marked by bullets (•) are assigned to 
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ν1 of HC≡C-CH=CH2. Authentic transitions due to HC≡C-CH=CH2 and HCCH are also 
evident in Fig 5. The intense ν5(HC≡CH) is observed at 736 cm-1 in the decomposition of 
o-guaiacol (top of Fig. 5). Several other vinylacetylene bands are also observed from o-
guaiacol pyrolysis in that spectral region.  
The infrared spectra of amorphous and crystalline vinylacetylenes203 were recently 
recorded in the range of 7000 – 400 cm−1 and have been established in the gas-phase as 
well.204 These earlier studies did not show a splitting of ν1 of HC≡C-CH=CH2. To 
investigate whether the splitting observed in our spectra (Fig. 6) is due to a matrix effect, 
the vinylacetylene matrix was annealed at a series of temperatures from 20 K through 50 
K at which point the matrix began to rapidly evaporate. No significant changes were 
observed leading us to conclude that the splitting of ν1 is likely not due to matrix effects. 
This splitting warrants further investigation. The full tabulated values for the 
vinylacetylene IR spectrum is given in Table 2 at the end of the chapter. 
 In Fig. 7 we show the general unimolecular fragmentation pattern of the 
methoxyphenols. Figure 7 is ambiguous about the exact dynamics of decarbonylation of 
C5H4=O leading to HC≡CH and HC≡C-CH=CH2. Loss of CO could produce singlet 
cyclobutadiene, 1c-C4H4, or the 1[•CH=CH-CH=CH•] diradical, or other C4H4 
compounds.205,206 Mebel et al.203 have completed a computational study of the C4H4 
singlet potential energy surface and find singlet cyclobutadiene, 1C4H4, 38 kcal mol-1 
below 1[•CH=CH-CH=CH•]. The most stable C4H4 isomer is found to be HC≡C-
CH=CH2 with singlet cyclobutadiene, 1C4H4, 33 kcal mol-1 higher in energy. 
Rearrangement of singlet cyclobutadiene to vinylacetylene via the carbene,207 1c-C4H4 → 
1[:C=CH-CH=CH2] → HC≡C-CH=CH2 is found to occur with the largest barrier being 
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54 kcal mol-1. Cyclobutadiene was calculated to decompose to two HC≡CH molecules 
with a barrier of 46 kcal mol-1; however it is easy to imagine that the 1[•CH=CH-
CH=CH•] diradical would easily collapse to a pair of acetylenes. At temperatures 
employed in the µtubular reactor all of these barriers could be readily overcome.  
 
 
Figure 7. A summary chart of the steps in the thermal cracking of o-guaiacol; PIMS signals are 
observed at m/z 124, m/z 109, m/z 81, m/z 80, m/z 52, and m/z 50.  
 
 We note another possibility for o-methoxyphenol decomposition. A concerted 
reaction in which methane is ejected to yield o-quinone is a possible minor channel.208 
The o-quinone would certainly202 lose a CO to produce cyclopentadienone. The PIMS 
does not show the o-quinone product at m/z 108. However the IR spectrum reveals a 
possible methane209 peak. The ν4(CH4) is an intense transition and a feature is detected in 
o-methoxyphenol pyrolysis at 1275 K at 1306 cm-1 (Fig. 4).  
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B. Bimolecular Reactions: Figure 8 contains an expanded trace of Fig. 1 showing 
the PIMS of o-guaiacol heated to 1075 K. A set of weak features at m/z 94, 95, and 96 
are magnified in the inset. If the temperature of the µtubular reactor is further increased, 
the m/z 94 feature grows relative to m/z 95 and 96.  
 We have used REMPI to identify the species at m/z 94 as phenol, C6H5OH. At the 
top of Fig. 9, the REMPI wavelength spectrum is scanned for the m/z 94 species 
observed in o-methoxyphenol pyrolysis at 1375 K. The bottom trace is a spectrum of a 
prepared phenol standard from 273 – 283 nm. 
 
Figure 8. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr 
o-guaiacol in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 1075 
K (bottom trace); the insert shows a set of weak features at m/z 94, 95, and 95.  
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Figure 9. The (1 + 1) resonance enhanced multiphoton ionization scan of m/z 94 observed in o-
guaiacol pyrolysis at 1375 K recorded with a 0.02 nm step size. The (1 + 1) REMPI scan of m/z 
94 for an authentic phenol standard recorded with a 0.02 nm step size.   
 
It is well established210,211 that the C6H5OH X˜ → Ã transition has its origin feature at 
275.1 nm. The insert in Fig. 9 describes the (1 + 1) REMPI process. The OPO accesses a 
resonance for the C6H5OH Ã state at 275.1 nm (4.507 ± 0.001 eV) and a second 275.1 
nm photon ionizes the phenol.212 The excellent agreement between the two spectra in Fig. 
9 is compelling evidence that the m/z 94 species in the thermal cracking of o-guaiacol in 
Figs. 1 and 8 is phenol. The same pattern of peaks at 96, 95 and 94 is observed in the 
PIMS of m-guaiacol. The p-guaiacol PIMS spectra did not show this pattern. It is likely 
that the partial pressure of p-guaiacol in the molecular beam was slightly lower than in 
the o- and m-guaiacol experiments, thus reducing the bimolecular chemistry.  
One could imagine a unimolecular decomposition of o-guaiacol to phenol, o-
HOC6H4OCH3 → HOC6H5 + CH2=O, but all efforts to detect the product formaldehyde 
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have failed. Reaction 6 is a conjecture of the bimolecular pathway to phenol resulting 
from the recombination of methyl radicals with hydroxycyclopentadienyl radicals. 
Details of the ring opening mechanism can be found in Chapter 5. 
 (6) 
Figure 8 clearly shows the expected sequence at m/z 96, 95 and 94, supporting this 
interpretation. The PIMS in Fig. 8 demonstrates the presence of both CH3 (m/z 15) and 
HOC5H4 (m/z 81). It is observed that as the temperature of the µtubular reactor is 
increased to 1275 K and higher, the PIMS and REMPI signals at m/z 94 fade away. 
Figure 1 shows that raising the wall temperature destroys m/z 81 a reactant in the 
production of phenol. 
The chemistry proposed in reaction 6 is analogous to the findings of Chapter 4 
which detailed benzene formation in anisole.37 Methyl radicals were shown to recombine 
with C5H5 yielding methylcyclopentadiene, C5H5-CH3. Subsequent loss of two H atoms 
from C5H5-CH3 produced benzene. The kinetics and potential energy surfaces of benzene 
formation from methylcyclopentadiene decomposition were reported by several 
groups.142-144   
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III. Conclusions 
 A summary of the unimolecular decomposition pathways for o-methoxyphenol is 
shown in Fig. 7. Because the resonance stabilization of phenoxy radicals is roughly 1 eV, 
and the O-CH3 bond is the weakest in the molecule,9,37 the thermal decomposition of the 
guaiacols is initiated by cleavage of the HOC6H4O-CH3 bond. The initial fragments of o-
guaiacol in Fig. 1 are CH3 (m/z 15) and the hydroxyphenoxy radical, o-HO-C6H4O, at 
m/z 109. Phenoxy radicals easily decarbonylate30,37 and indeed we observe loss of CO to 
generate the hydroxycyclopentadienyl radical, o-HO-C6H4O → HOC5H4 (m/z 81). Loss 
of H produces the “partially anti-aromatic” cyclopentadienone, C5H4=O (m/z 80). 
Infrared spectra in Figs. 4 and 5 confirm the identity of the m/z 80 species as C5H4=O. 
Cyclopentadienone is a highly reactive molecule and Fig. 1 reveals rapid formation of a 
species at m/z 52 along with m/z 80 and loss of m/z 81. IR spectra in Figs. 5 and 6 
confirm the carrier of the m/z 52 signal as HC≡C-CH=CH2. In addition to vinylacetylene, 
Figs. 5 and 6 reveal the presence of HC≡CH. The detection of phenol shown in Figs. 8 
and 9 reveals the presence of bimolecular reactions in the µtubular reactor and supports 
previous studies in which benzene is produced from anisole pyrolysis.37,142-144 
Finally we make a conjecture about the connection of biomass burning and 
aerosol formation. As demonstrated in this paper, the thermal cracking of guaiacols 
produces both HC≡CH and HC≡C-CH=CH2 as final products. It is also established28 that 
thermal decomposition of furan and furfural produces acetylene and propyne. Laboratory 
studies of OH/O2 oxidation of 2-butyne in a turbulent flow reactor213 observed formation 
of biacetyl. Atmospheric chemists have demonstrated214-216 that oxidation of acetylene by 
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hydroxyl radical and oxygen produces glyoxal and formic acid. The Master Chemical 
Mechanism215 recommends: 
HCCH + OH/O2 → HCO-CHO (64 %) + HCOOH (36%) (7) 
Guaiacols or alkoxy phenols are very common motifs in lignin.12 We believe that 
biomass burning (“forest fires”) will release large quantities of acetylene and substituted 
alkynes into the atmosphere. As the alkynes rise into atmosphere, oxidation by OH 
during the day or NO3 at night will generate glyoxal or other complex α-dicarbonyls. It is 
known217 that α-dicarbonyls are rapidly hydrated in the atmosphere to form gem-diols or 
tetrols. Furthermore, solar over-tone pumping218 has the potential to dissociate α-keto-
gem-diols to a pair of carboxylic acids. It is believed219 that gem-diols or tetrols or 
carboxylic acids can nucleate secondary organic aerosols. There is a possibility that 
biomass burning releases large quantities of alkynes into the atmosphere to be oxidized to 
α-dicarbonyls. Hydration of the α-dicarbonyls generates diols and tetrols. Solar 
photochemistry of α-hydroxycarbonyls transforms them into carboxylic acids. If this 
pathway can be demonstrated, this would be a molecular picture connecting biomass 
burning and secondary organic aresol formation. 
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Table 2: Gas phase204 and Matrix IR peak positions for HC≡C-CH=CH2 vibrational 
modes (cm-1). The values given in the last two columns are for an authentic 
vinylacetylene sample and o-methoxyphenol  pyrolysis at 1275 K (Figs 4 — 6). 
 
   HC≡C-CH=CH2 o-HOC6H4OCH3  
Sym mode local mode gas phase matrix 1275 K Decomp 
a' ν1  H-CCCHCH2 str 3330 3332 3332 
    3328 3328 
     3319 3319 
     3314 3315 
 ν2  HCCCH=CH2 asym str 3116 3120 3124 
 ν3  HCC(C-H)CH2 str 3068 3063 3063 
 ν4  HCCCH=CH2 sym str 3030 3034 3035 
 ν5  HC≡CCHCH2 str 2111 2104 2102 (1575K) 
 ν6  HCCCH=CH2 str 1599 - - 
 ν7  HCCCH=CH2 scissors 1415 1414 - 
 ν8  HCC(C-H)=CH2 bend 1312 - - 
 ν9  HCCCH=CH2 rock 1096 1097 - 
 ν10  HCC-CHCH2 str 874 878 878 
 ν11  H-C≡CCHCH2 bend 625 637 637 
  ν12  HCC-CH=CH2 bend 539 543 - 
 
a'' ν14  HCC(C-H)=CH2 bend 974 977 978 
 ν15  HCCCH=CH2 wag 927 927 927 
 ν16  HCCCH=CH2 twist 677 675 675 
 ν17  H-C≡CCHCH2 bend 618 615 615 
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Chapter 7 
 
Unimolecular Thermal Decomposition Reactions of Benzaldehyde, the 
Hydroxybenzaldehydes and Vanillin 
 
I. Introduction  
 Benzaldehyde (C6H5CHO) and the hydroxybenzaldehydes (o-, m- and p-
HOC6H4CHO) are interesting aromatic systems that have a key role to play in 
understanding the pyrolysis of biomass. Determining the thermal chemistry of the 
aromatic aldehyde group and then building to more complicated systems with the 
addition of a hydroxy group will provide the necessary background to undertake studies 
of larger biomass molecules including vanillin. Vanillin is an important phenolic 
aldehyde found in lignocellulosic biomass and is a derivative of p-hydroxybenzaldehyde 
(Scheme 1). The β-D-glycoside of vanillin is the natural form of the flavoring agent 
extracted from vanilla beans. Vanillin can be extracted from lignin220 and other 
lignocellulosic materials such as paper and pulp production byproduct.221 Vanillin 
contains several functional groups (hydroxy, methoxy and aldehyde) bound to a phenyl 
ring. Due to this complexity, vanillin and large lignin monomers such as coniferyl alcohol 
have numerous plausible thermal fragmentation channels. The early timescale (100 µs) 
thermal decomposition mechanisms of phenol (C6H5OH, Chapter 4),222 anisole 
(methoxybenzene; C6H5OCH3, Chapter 5)37 and the guaiacols (o-, m- and p-
HOC6H5OCH3, Chapter 6)89 have been studied in detail. The results of those experiments 
as well as those presented here will aid in predicting the unimolecular thermal 
decomposition patterns of vanillin and other more complex aryl ethers.  
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II. Results and Discussion 
A. Major Unimolecular Decomposition Channels: Figure 1 shows the PIMS 
spectra of benzaldehyde pyrolysis. The onset of decomposition occurs near 1375 K and at 
1475 K we observe a strong fragmentation peak at m/z 78. At the highest temperature 
studied (1575 K) a number of additional peaks are observed that we will return to discuss 
later.  
 
Figure 1. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr 
benzaldehyde in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 475 K 
(bottom trace), 1375 K, 1475 K, and 1575 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
In Fig. 2 we present the 1 + 1 REMPI wavelength scans of benzaldehyde pyrolysis at 
1475 K (middle panel) along with a benzene standard at room temperature (bottom 
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panel). The top spectrum shows benzene production in the m-hydroxybenzaldehyde 
pyrolysis and will be discussed later. One can see excellent agreement between the 
spectra, indicating that the m/z 78 species observed in PIMS spectra of benzaldehyde 
pyrolysis (Fig. 1) is benzene. Assignments of the 
! 
A
~
1B2u 
! 
" X
~
1A1g vibronic components 
presented in Fig. 2 (only the two largest peaks are labeled) are based on the work of 
Atkinson and Parmenter.174 Thus we conclude that the first step in the pyrolysis of 
benzaldehyde is loss of CO to form benzene as shown in reaction 1. Table 1 gives the 
heats of formation for species important in this work.19,223-225 Reaction 1 is endothermic 
by 2.1 ± 0.7 kcal/mol.102  
 
Figure 2. Top: 1 + 1 resonance enhanced multiphoton ionization scan of m/z 78 observed in m-
hydroxybenzaldehyde pyrolysis at 1375 K recorded with a 0.04 nm step size. Middle: REMPI 
scan of m/z 78 observed in benzaldehyde pyrolysis at 1475 K recorded with a 0.02 nm step size 
Bottom: REMPI scan of m/z 78 for an authentic benzene standard recorded with a 0.02 nm step 
size. 
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            (1) 
Table 1: Heats of formation for compounds important in this work. 
 Δ fH298/kcal mol-1 Ref. 
CO -26.42 ± 0.004 225 
Benzene (C6H6) 19.7 ± 0.2 19 
Phenol (C6H5OH) -23.0 ± 0.2 19 
o-HBA (o-HOC6H4CHO) -58.7 ± 0.5 223 
m-HBA (m-HOC6H4CHO) -51.1 ± 0.4 224 
p-HBA (p-HOC6H4CHO) -52.1 ± 0.3 224 
 
Figure 3 demonstrates the sensitivity of the REMPI experiment and provides further 
confirmation of benzene as a benzaldehyde pyrolysis product. At 475 K, Fig. 1 shows we 
have a clean source of parent benzaldehyde (m/z 106) with no interference from thermal 
decomposition products. In the bottom spectrum of Fig. 3 (benzaldehyde at 475 K) the 
REMPI laser is tuned to the strong benzene resonance at 259.05 nm. As this temperature 
is well below the onset of pyrolysis, we should not detect benzene and indeed we do not. 
The middle spectrum of Fig. 3 shows that if benzaldehyde is pyrolyzed at 1475 K but the 
REMPI laser is tuned 1 nm below the resonance wavelength, again no benzene is 
detected. Only when benzaldehyde is being pyrolyzed and the REMPI laser is tuned 
properly do we detect benzene. In this case (top panel of Fig. 3), we have a very strong 
signal with no interference from other products or from parent benzaldehyde. We note 
that the three spectra of Fig. 3 were taken within five minutes of one another, assuring the 
same molecular beam conditions. 
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Figure 3. Top: 1 + 1 resonance enhanced multiphoton ionization mass spectrum at 259.05 nm of 
benzaldehyde pyrolysis at 1475 K. Middle: REMPI mass spectrum at 258.00 nm of benzaldehyde 
pyrolysis at 1475 K. Bottom: REMPI mass spectrum at 259.05 nm of benzaldehyde at 475 K. 
 
 With the addition of a hydroxy group, the hydroxybenzaldehydes present an 
intriguing chemical question. The above data demonstrate that at the onset of pyrolysis, 
benzaldehyde loses a CO to form benzene. As was shown in Chapter 4, phenol (C6H5OH) 
is also known to decompose via loss of a CO to form cyclopentadiene (c-C5H6).222 Thus 
one might envision two distinct possibilities for hydroxybenzaldehyde pyrolysis, shown 
in reactions 2 and 3. The product of either reaction would be detected at m/z 94. 
 127 
         (2) 
            (3) 
Figures 4 and 5 give the PIMS spectra for p-hydroxybenzaldehyde and m-
hydroxybenzaldehyde, respectively. One can see that at the onset of pyrolysis in both 
isomers, the anticipated peak at m/z 94 is detected. Further products are observed at m/z 
66, 65 and 39. These are the known products from phenol decomposition. Phenol 
thermally cracks via loss of a CO to form cyclopentadiene (c-C5H6; m/z 66). The c-C5H6 
then loses a hydrogen atom and the subsequent cyclopentadienyl radical (c-C5H5; m/z 65) 
fragments to propargyl radical (C3H3; m/z 39) and acetylene (HCCH). Acetylene has an 
ionization energy of 11.4006 ± 0.0006115 and will not be ionized by our 10.487 eV PIMS 
laser. 
 Confirmation that m/z 94 is indeed phenol is provided by REMPI. In Fig. 6 we 
show the REMPI wavelength scans of a phenol standard (bottom panel) along with the 
m/z 94 signal at 1375 K for m-hydroxybenzaldehyde. The strong (0,0) transition210,211 is 
clearly observed in both spectra and good general agreement is exhibited elsewhere.  
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 The primary unimolecular decomposition channel for both p- and m-
hydroxybenzaldehyde is presented in reaction 4. 
 
Figure 4. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 torr p-
hydroxybenzaldehyde in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 
475 K (bottom trace), 1075 K, 1175 K, and 1475 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
 
(4) 
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Figure 5. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 torr m-
hydroxybenzaldehyde in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 
475 K (bottom trace), 1275 K, 1375 K, and 1475 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
Ejection of a CO to form phenol is endothermic by 1.7 ± 0.6 kcal/mol for m-
hydroxybenzaldehyde and by 2.7 ± 0.5 kcal/mol for p-hydroxybenzaldehyde.226 We note 
that the cyclopentadiene aldehyde product of reaction 3 would likely not be detectable by 
our 1 + 1 REMPI scheme due to lack of a strong electronic resonance with an energy of 
greater than half the ionization potential. Considering that this compound may 
decompose via loss of a CO to cyclopentadiene, a product of phenol decomposition, we 
cannot definitively eliminate the possibility of its formation. 
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Figure 6. Top: 1 + 1 resonance enhanced multiphoton ionization scan of m/z 94 observed in m-
hydroxybenzaldehyde pyrolysis at 1375 K recorded with a 0.04 nm step size. Bottom: REMPI 
scan of m/z 94 of an authentic phenol standard recorded with a 0.03 nm step size.   
 
 In Fig. 7 the PIMS spectra of o-hydroxybenzaldehyde pyrolysis are given. One 
can see that in contrast to the meta and para isomers, the ortho compound undergoes a 
very different thermal decomposition pattern. At the onset of fragmentation, a peak at 
m/z 92 is the primary product with a smaller peak at m/z 64. As the temperature is raised, 
the m/z 64 (C5H4) peak grows and becomes the dominant product by 1375 K.  
Evidence for assignment of the m/z 92 band as cyclopentadiene ketene 
(C5H4=C=O) is given by matrix IR spectroscopy. A series of very intense bands appears 
at 2131, 2132 and 2135 cm-1 in the IR spectrum of o-hydroxybenzaldehyde pyrolysis at 
1375 K (Fig. 8). These peaks exactly match those observed recently in the pyrolysis of 
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catechol (o-dihydroxybenzene; o-HOC5H4OH) studied in our laboratory.222 The 
vibrations are dampened slightly from the strong C=C=O antisymmetric stretch of ketene 
(CH2=C=O).227,228 Study of an authentic sample of ketene reveals ν2(CH2=C=O) at 2142 
cm-1 in an Ar matrix.38 The formation of cyclopentadiene ketene (C5H4=C=O) at m/z 92 
originating from catechol was discussed in ref. 222 and was predicted to be a pyrolysis 
product in computational studies.85,229 We return to catechol in Chapter 8. 
 A decomposition channel such as reaction 5 is not possible for m- or p-
hydroxybenzaldehyde. The proximity of the hydroxy and aldehyde moieties in p-
hydroxybenzaldehyde allows for a much stronger interaction between these functional 
groups. Formation of the cyclopentadiene ketene could proceed via independent losses of 
H2 and CO or a concerted reaction in which formaldehyde (H2C=O) is ejected. 
Formaldehyde has an ionization energy230 of 10.889 ± 0.003 eV, too high to be overcome 
by our PIMS laser. Matrix IR scans did not reveal its presence in the pyrolysis gas 
mixture. Loss of H2 would lead to an m/z 120 intermediate. No evidence was seen for 
such a peak in the PIMS spectra of Fig. 7. Such an intermediate species may not have a 
sufficient lifetime to be detected in our experiments. 
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Figure 7. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 torr o-
hydroxybenzaldehyde in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 
375 K (bottom trace), 1175 K, 1375 K, and 1575 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
 
                  (5) 
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Figure 8. Matrix IR absorption spectra from 2160 cm-1 to 2120 cm-1 of the 1375 K pyrolysis 
products resulting from mixing approximately 1 Torr o-hydroxybenzaldehyde in 900 Torr Ar (0.1 
%) (black spectrum). A series of strong bands attributed to the >C=C=O antisymmetric stretch is 
identified. A background scan of Ar heated to 1275 K is plotted in green. A scan of o-
hydroxybenzaldehyde parent compound is also included (lower black trace). 
 
 
B. Minor Product Channels: We return now to Fig. 1 and discuss the presence of a 
series of small peaks at 1575 K in the PIMS spectrum of benzaldehyde pyrolysis. These 
peaks are expanded in the figure inset. A peak at m/z 77 indicates loss of a hydrogen 
atom from benzene or possibly loss of HCO from parent benzaldehyde. The bond 
dissociation energy of a C-H bond in benzene is 112.9 ± 0.5 kcal/mol231,232 and we would 
not expect to see homolytic cleavage of such a strong bond in our µtubular reactor. 
However, we note the possibility that the benzene may be formed in an activated state 
and would thus be more amenable to fragmentation. Alternatively, at high temperatures 
benzaldehyde may lose CHO directly to form phenyl radical. Due to the weak H-CO 
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bond (approximately 30 kcal/mol), HCO would not be detected in our PIMS 
experiment.38 In either case the resulting phenyl radical would then be expected to lose a 
hydrogen atom to form benzyne. Benzyne has been shown to decompose to acetylene and 
diacetylene.36 The strong peak at m/z 50 in the 1575 K spectrum of Fig. 1 corresponds to 
diacetylene (HCCCCH). Again, acetylene is not observed because it has an ionization 
energy too high to be overcome by our 10.487 nm PIMS light. The peaks at m/z 75 and 
74 may indicate the presence of an additional benzyne decomposition channel. At these 
sufficiently high temperatures, benzyne may also decompose via loss of two additional 
hydrogen atoms producing a C6H3 (m/z 75) intermediate and finally triacetylene 
(HCCCCCCH) at m/z 74. These channels are shown in reaction 6. 
(6) 
 
The presence of C6H2 has been detected previously in cyclopentadiene pyrolysis (see 
Appendix B)37 in which propargyl radical recombination and subsequent reactions is 
likely the principle source of triacetylene. Zhang et al. also detected C6H2 in their study 
of o-benzyne pyrolysis using the µtubular reactor. Such acetylenes may be important in 
the additive chemistry associated with PAH formation. 
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 Returning to m-hydroxybenzaldehyde, we note the presence of benzene in the 
pyrolysis gas. Figures 2 (REMPI) and 5 (PIMS) clearly demonstrate that the m/z 78 
observed at 1375 K in the m-hydroxybenzaldehyde pyrolysis PIMS spectrum is benzene. 
At this temperature, a large amount of propargyl radical is being produced and the 
benzene may result from recombination reactions. A unimolecular pathway would be 
very interesting, but we are not aware of feasible pathways. 
 Finally, a small amount of phenol and its decomposition products are observed in 
o-hydroxybenzaldehyde. Figure 7 shows a small peak at 94 (1375 K) and 39 (1575 K). 
We have used our 1 + 1 REMPI scheme to show that phenol is indeed present in the o-
hydroxybenzaldehyde pyrolysis gas as was done in Fig. 2 for the meta isomer. 
 
C. Pyrolysis of Vanillin: Figure 9 shows the PIMS spectra for Vanillin pyrolysis. 
Based on work to this point, one could imagine a number of possible decomposition 
pathways. However, we expect that the weak O-CH3 bond will still dictate decomposition 
at the onset of pyrolysis and the first thermal cracking steps of vanillin will thus be 
analogous to those of anisole. Thereafter, we observe a number of products that would be 
expected from the decarbonylation of the aldehyde group or loss of the H atom from the 
hydroxy group. A summery of these pathways is shown in Fig. 10. It is interesting to note 
that regardless of the specific decomposition channel, the only major products observed 
at 1375 K are methyl radical and vinylacetylene (HCCCHCH2). Acetylene is likely also 
present, but not observable by our PIMS. Like a number of other closed-shell 
aldehydes,38 parent vanillin and several of its pyrolysis products display dissociative 
ionization at 10.487 eV. The peaks at m/z 151 and 136 are thus assigned.  
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Figure 9: PIMS (118.2 nm; 10.487 eV) mass spectra at 575 K, 1075 K, 1175 K and 1375 K of 
vanillin pyrolysis in the SiC µtubular reactor. The m/z values of product peaks are indicated. The 
intense peak at 151 in the 1075 K spectrum is tentatively assigned as a dissociative 
photofragment. Y-axis scaling is done so the most dominant peak in each spectrum extends the 
length of the plot. 
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Figure 10: Reaction scheme for likely products and intermediates of the unimolecular thermal 
decomposition of vanillin based on earlier model compound studies. Associated values of m/z are 
given.   
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 The mechanism of Fig. 10 accounts for the observation of peaks at m/z 137 and 
109 in Fig. 9. The cyclopentadienyl radical derivative containing hydroxy and aldehyde 
groups (m/z 109) can undergo two distinct decomposition pathways. The first is loss of a 
H atom to form the cyclopentadienone aldehyde at m/z 108. This molecule can then eject 
two CO molecules to form vinylacetylene. Alternatively, the aldehyde group of the m/z 
109 compound can eject a CO as observed in this work for benzaldehyde and the 
hydroxybenzaldehydes. This results in hydroxycyclopentadienyl radical at m/z 81 which 
was shown in chapter 6 to fragment to cyclopentadienone (m/z 80) and finally to 
vinylacetylene (m/z 52). These interpretations account for all the major peaks observed in 
Fig. 9 and are consistent with expectations from the simpler model compound studies 
presented thus far.   
 Peaks are also observed in Fig. 9 at 124 and 96. These may be due to minor 
unimolecular decomposition channels, but such products could also be expected from 
methyl radical recombination with the cyclopentadienyl radical derivatives at m/z 109 
and m/z 81. These two reactions are shown below (reactions  7 and 8). 
 
 (7) 
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 (8) 
Such methyl radical/cyclopentadienyl radical recombination reactions were detailed in 
the anisole work of Chapter 5 and the guaiacol work of Chapter 6. 
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Chapter 8 
 
Thermal Decomposition of the Dihydroxybenzenes  
 
 
I. Introduction 
 In Chapter 4 we detailed the thermal decomposition of phenol. The primary 
reaction that initiates the phenol thermocracking process is an enol/keto tautomerizaion to 
form 2,4-cyclohexadienone followed by ejection of a CO to form cyclopentadiene. This 
is shown in detail in reactions 1 and 8 of Chapter 4. 
 Dihydroxybenzenes are also believed to be important products in biomass 
pyrolysis.49,50,233 One may anticipate that a similar enol/keto isomerization followed by 
ejection of a CO to form hydroxycyclopentadiene as shown in reaction 1 would be a 
major decomposition channel in the dihydroxybenzenes. 
               (1) 
We have undertaken a study of the thermal cracking of the related dihydroxybenzenes: 
hydroquinone (p-HOC6H4OH), resorcinol (m-HOC6H4OH), and catechol (o-
HOC6H4OH). The greater complexity of these systems due to the additional hydroxy 
group results in a number of interesting decomposition pathways. Catechol, resorcinol 
and hydroquinone were obtained from Sigma Aldrich at stated purities of 99%. 
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II. Results and Discussion 
A. Pyrolysis of Hydroquinone: The PIMS spectra for the thermal decomposition of 
hydroquinone are shown in Fig. 1.  
 
Figure 1. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr 
hydroquinone in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 475 K 
(bottom trace), 1175 K, 1275 K, and 1375 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot.  
 
By analogy to C6H5OH decomposition, we observe CO loss and production of 
hydroxycyclopentadiene at m/z 82 as in reaction 1. Hydroxycyclopentadiene loses a H 
atom to generate the hydroxycyclopentadienyl radical, m/z 81. In a recent study of the 
methoxyphenols,89 hydroxycyclopentadienyl radical was shown to decay to 
cyclopentadienone, m/z 80 and then on to either vinylacetylene, m/z 52, or acetylene as 
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shown in reaction 2. All these products are observed in Fig. 1 with the exception of 
acetylene115 due to its high ionization energy.  
 
 (2) 
 At 1275 K, we also observe m/z 65, corresponding to formation of 
cyclopentadienyl radical, c-C5H5, which decomposes37 to HCCCH2 and HC≡CH. We 
observe m/z 39, corresponding to propargyl radical, while our VUV laser cannot ionize 
acetylene. The other intense feature in the 1275 K scan in Fig. 1 is m/z 54. This we assign 
to 1,3-butadiene, CH2=CH-CH=CH2. Butadiene corresponds hydroquinone minus two 
CO molecules. Loss of CO from hydroxycyclopentadiene would account for butadiene. 
  
B. Pyrolysis of Catechol: The PIMS spectra for catechol (o-HO-C6H4-OH) pyrolysis 
are shown in Fig. 2. We anticipate the decomposition of catechol to parallel 
hydroquinone in reactions 1 and 2. In the 1275 K and 1375 K scans of Fig. 2, we observe 
the sequence of expected products at m/z 110 → m/z 82 → m/z 81 → m/z 80 → m/z 52. 
Matrix IR spectroscopy confirms the decomposition products shown in Fig. 2: 
cyclopentadienone (m/z 80), CH2=CH-C≡CH (m/z 52), and HC≡CH.  
 A noticeable difference between the PIMS spectra of hydroquinone in Fig. 1 and 
those of catechol in Fig. 2 is the presence of strong features at m/z 92 and m/z 64 in the 
later. The feature at m/z 92 is observed at the onset of catechol pyrolysis (Fig. 10; 1275 
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K) and corresponds to loss of H2O from the parent catechol. Such a decomposition was 
predicted to be an important channel in computational studies85,229 of the decomposition 
of catechol. One might visualize loss of water from catechol as proceeding through a 
singlet carbene, which would be expected234 to rearrange to the cyclopentadienyl ketene 
in reaction 3. 
 
Figure 2. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr 
catechol in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 475 K 
(bottom trace), 1275 K, 1375 K, and 1575 K (top trace). Y-axis scaling is done so the 
most dominant peak in each spectrum extends the length of the plot. 
 
Evidence for assignment of the m/z 92 band as cyclopentadienyl ketene has been 
presented235,236 and is supported by matrix IR spectroscopy. A series of intense bands 
appears at 2131, 2132 and 2135 cm-1 in the 1375 K pyrolysis spectrum of catechol. These 
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match the series of peaks observed in o-hydroxybenzaldehyde also assigned to 
cyclopentadiene ketene. These matrix IR spectra are shown in Fig. 3.  
 
Figure 3. Matrix IR absorption spectra from 2160 cm-1 to 2120 cm-1 of the 1375 K pyrolysis 
products resulting from mixing approximately 1 Torr o-hydroxybenzaldehyde in 900 Torr Ar (0.1 
%) (black spectrum). A series of strong bands attributed to the >C=C=O antisymmetric stretch is 
identified. A catechol (o-HO-C6H4-OH) pyrolysis spectrum at 1375 K shown in red displays the 
same cyclopentadiene ketene product. A background scan of Ar heated to 1275 K is included 
(lower green trace). 
 
Electronic structure calculations85 find a transition state for water loss from catechol, 
which is consistent with reaction 3. A decomposition channel such as reaction 3 is not 
possible for m- or p-HO-C6H4-OH and loss of H2O is not observed in the PIMS spectra of 
Fig. 1. 
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(3) 
Loss of CO from cyclopentadienyl ketene produces C5H4, m/z 64. The structure of C5H4 
cannot be assigned yet. 
 i. Pyrolysis of d4-Catechol (o-HO-C6D4-OH): The d4-catechol was synthesized 
by dissolving approximately 300 mg of d6-catechol (99% CDN Isotopes) in 
approximately 75 ml of distilled water in a separatory funnel. About 100 ml of 
Chloroform was then added and the mixture was shaken. The organic layer containing 
chloroform and the extracted d4-catechol was then drained from the bottom of the funnel 
into a round bottomed flask. The chloroform shaking process was repeated several times. 
The chloroform was evaporated by a rotovap and the remaining crystalline substance was 
collected as the sample. Yield was approximately 80 %.  
 Figure 4 shows the PIMS results for d4-catechol pyrolysis and reaction 4 
summarizes the fragmentation pathways. At the onset of pyrolysis, peaks are observed at 
m/z 96 and 86. The m/z 96 feature confirms that the water loss channel to form 
cyclopentadiene ketene originates exclusively from the hydroxy groups with no 
involvement from the ring hydrogens. The peaks observed at each subsequent 
temperature are those expected from the non-deuterated catechol pyrolysis PIMS 
experiments. 
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Figure 4. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr 
d4-catechol in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 475 
K (bottom trace), 1275 K, 1375 K, and 1575 K (top trace). Y-axis scaling is done so the 
most dominant peak in each spectrum extends the length of the plot. 
 
 Reaction 4 shows that in the case of d4-catechol, the CO loss channel can result in 
several different isomers and decomposition pathways depending on if the 
hydroxycyclopentadiene loses a H or D. Peaks are expected at m/z 86, 85, 84 and 83 as 
well as vinylacetylene peaks at m/z 56 (C4D4) as well as m/z 55 (C4D3H). Indeed each of 
these features is observed. The peak at m/z 58 corresponds to C4D4H2 and may be 
butadiene. A preliminary matrix study did not confirm the presence of either 1,3-
butadiene or 1,2-butadiene. This C4D4H2 molecule corresponds to loss of two CO groups 
from parent d4-catechol. Fragmentation of C4D4H2 into propargyl radical and methyl 
radical could result in peaks at 40 (C3DH2), 41 (C3D2H) and 42 (C3D3) as well as 16 
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(CDH2), 17 (CD2H) and 19 (CD3). The source of propargyl radical and methyl radical in 
dihydroxybenzene pyrolysis warrants further investigation. 
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C. Pyrolysis of Resorcinol: The resorcinol pyrolysis PIMS spectra of Fig. 5 present 
an interesting decomposition channel. The major product at the onset of decomposition 
(1275 K) is m/z 66. This corresponds to cyclopentadiene (c-C5H6) and results from a loss 
of CO2 from parent resorcinol (reaction 5). In all of the lignin model compound work in 
this account, we find no analogy. Computational efforts are underway to find a plausible 
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decomposition channel for loss of CO2. The c-C5H6 was shown in previous chapters to 
decompose to c-C5H5 (m/z 65) and then to C3H3 (m/z 39) and HCCH, which is not 
detectable by our PIMS experiment. We also observe m/z 82 as a minor product in the 
1475 K spectrum corresponding to the same mechanism of reaction 1. Again, an 
additional CO loss to form butadiene at m/z 54 is observed at high temperatures. 
  
Figure 5. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr 
resorcinol in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 475 K 
(bottom trace), 1275 K, 1375 K, 1475 and 1575 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
           (5) 
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Chapter 9 
 
Thermal Decomposition Mechanisms of the Dimethoxybenzenes and Syringol 
 
 
I. Introduction 
 The lignin monomers are discussed in Chapter 1. The most complex of the three 
is sinapyl alcohol. Unlike p-coumaryl alcohol and coniferyl alcohol, the sinapyl alcohol 
contains two methoxy groups. The first row of Scheme 1 shows the lignin model 
compounds phenol, anisole and o-guaiacol covered in Chapters 4, 5 and 6 respectively. 
These are related to the m-dimethoxybenzene and syringol in the second row and finally, 
to sinapyl alcohol. 
Scheme 1 
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In this chapter, we study the pyrolyses of the dimethoxybenzenes and syringol. These 
molecules are shown in Scheme 2.  
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These compounds containing two methoxy groups present an interesting chemical 
question. As shown in Chapters 5 and 6, the CO-R bond tends to be the weakest bond in 
an aryl ether. Homolytic bond cleavage then forms a phenoxy radical, which ejects a CO 
to form a cyclopentadienyl radical. This general mechanism is shown in reaction 1. The 
kinetics governing such a reaction are discussed in chapter 5 for anisole pyrolysis, 
Briefly, the loss of methyl radical from anisole (Ea = 64 kcal/mol) has a loose transition 
state and therefore a large pre-exponential factor (A = 2 × 1015 s-1).165 The ring closing 
mechanism of CO loss from phenoxy radical to form CPDR has a small activation 
energy103,105,167,178 (Ea 54 kcal/mol), but involves a tight, multicentered transition state 
with a small pre-exponential factor106 (A = 7.4 × 1011 s-1). These considerations will be 
true in general for reaction 1. 
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(1) 
However, for the molecules shown in Scheme 2, the addition of another ether group 
complicates this interpretation and different decomposition pathways become plausible. 
Namely, after the initial methyl radical loss, a second methyl radical could be lost to form 
a quinone. A quinone intermediate would not be expected for the m-dimethoxybenzene 
isomer, because the ground state of m-quinone is calculated to be a triplet.237 Also, as is 
the case for the hydroxybenzaldehydes (Chapter 7) and catechols (Chapter 8), the close 
proximity of the functional groups in o-dimethoxybenzene allows for interaction that may 
lead to an unanticipated concerted decomposition mechanism.  
 
II. Results and Discussion 
A. Pyrolysis of o-Dimethoxybenzene (o-DMB): Figure 1 shows the PIMS spectra 
for o-DMB pyrolysis. At the onset of pyrolysis, peaks are observed at m/z 122, 94 and 15 
as well as the parent compound at m/z 138. The m/z 15 indicates the loss of methyl 
radical. The peak at m/z 122 results from the loss of methyl radical and an additional H 
atom. This m/z 122 feature was investigated with 1 + 1 REMPI and the results are shown 
in Fig. 2. 
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Figure 1. The 118.2 nm PIMS resulting from heating a mixture of aproximately 2 Torr o-
dimethoxybenzene in 2000 Torr He (0.1%) in a µtubular reactor. The SiC tube is heated to 575 K 
(bottom trace), 1175 K, 1375 K, and 1575 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
The resonance structure observed for the m/z 122 peak in the REMPI wavelength 
spectrum of n o-dimethoxybenzene pyrolysis at 1275 K corresponds to that observed for 
parent o-hydroxybenzaldehyde (o-HBA; o-HO-C6H4-CHO). In reaction 2 and the top 
channel of reaction 3, we present a mechanism for o-HBA production from o-DMB 
decomposition. It is likely that the rearrangement and H atom loss from the m/z 123 
intermediate occurs too rapidly for the detection of this species. The o-HBA was shown 
in Chapter 7 to pyrolyze to cyclopentadiene ketene and then to a C5H4 compound at m/z 
64 (reaction 4). Indeed these peaks are observed in the 1375 K spectrum of o-DMB 
pyrolysis in Fig. 1.  
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Figure 2. Top: The (1 + 1) resonance enhanced multiphoton ionization scan of m/z 122 observed 
in o-dimethoxybenzene pyrolysis at 1275 K recorded with a 0.04 nm step size. Bottom: The (1 + 
1) REMPI scan of m/z 122 for an authentic o-hydroxybenzaldehyde standard recorded with a 
0.04 nm step size.   
 
 The second major decomposition channel observed yields a peak at m/z 94 at the 
onset of pyrolysis (Fig. 1; 1175 K). Proof that this peak is due to phenol (C6H5OH) is 
provided by REMPI spectroscopy and is presented in Fig. 3. The REMPI wavelength 
spectrum of the m/z 94 peak in o-dimethoxybenzene pyrolysis at 1275 K matches very 
well that of a phenol standard. We propose the pathway presented in the lower channel of 
reaction 3 in which HCO is lost from the m/z 123 intermediate. 
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(2) 
 
 
 
(3) 
 
 
                     (4) 
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Figure 3. Top: The (1 + 1) resonance enhanced multiphoton ionization scan of m/z 94 observed 
in o-dimethoxybenzene pyrolysis at 1275 K recorded with a 0.04 nm step size. Bottom: The (1 + 
1) REMPI scan of m/z 94 for an authentic phenol standard recorded with a 0.04 nm step size.   
 
In Chapter 4, we showed that phenol decomposes via loss of a CO to form 
cyclopentadiene (c-C5H6; m/z 66). The c-C5H6 then loses a H atom to form 
cyclopentadienyl radical (c-C5H5; m/z 65). Acetylene (HCCH) and propargyl radical 
(C3H3; m/z 39) are the final products of c-C5H5 fragmentation. Peaks corresponding to 
each of these values of m/z are clearly observed in Fig. 1. 
 
B. Pyrolysis of m-Dimethoxybenzene (m-DMB): In Fig. 4 we present the PIMS 
spectra of m-DMB pyrolysis. Without the immediate interaction between methoxy groups 
present in p-DMB, a much different fragmentation pattern is observed. As anticipated, no 
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evidence of m-quinone (m/z 108) is observed. At the onset of pyrolysis (1075 K), peaks 
are evident at m/z 80 and 15. At higher temperatures, m/z 52 is the dominant peak in the 
mass spectra, a result that would be expected from cyclopentadienone (C5H4=O; m/z 80) 
decomposition to vinylacetylene (HCCCHCH2; m/z 52). This pathway was established as 
the primary thermal decomposition channel for the methoxyphenols (HOC6H4OCH3) in 
Chapter 6. The cyclopentadienone is the expected product from the decomposition 
mechanism shown in the general reaction 1. Reaction 5 shows this mechanism 
specifically for m-DMB. The methoxycyclopentadienyl radical product of reaction 5 will 
likely have a very short lifetime due to the extremely weak C5H4O-CH3 bond. The 
analogous bond dissociation enthalpy in anisole is a mere 63.5 ± 0.6 kcal/mol (see 
Chapter 1). In the case of C5H4O-CH3, this bond is expected to be significantly weaker 
because loss of the methyl radical yields C5H4=O, a closed-shell molecule. Therefore it is 
not surprising that a peak at m/z 95 corresponding to C5H4OCH3 is absent from the mass 
spectra of Fig. 4. Reaction 6 shows the decomposition channel of C5H4O-CH3. 
 
         (5) 
 
      (6) 
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Figure 4. The 118.2 nm PIMS resulting from heating a mixture of aproximately 2 Torr m-
dimethoxybenzene in 2000 Torr He (0.1%) in a µtubular reactor. The SiC tube is heated to 575 K 
(bottom trace), 1175 K, 1375 K, and 1575 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
 At 1275 K, phenol and its decomposition products are observed. It is not 
immediately clear how phenol is formed. Phenol (C6H5OH) corresponds to loss of CHO 
after the initial CH3 loss. This is shown in reaction 7. 
                                                (7) 
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C. Pyrolysis of p-Dimethoxybenzene (p-DMB): Figure 5 shows the PIMS spectra 
for p-DMB pyrolysis. Once again the fragmentation mechanism is unique. After the 
initial loss of methyl radical, the most probable pathway is now an additional loss of 
methyl radical to form p-quinone (p-O=C6H4=O; m/z 108). A peak at m/z 123 
corresponding to the parent p-DMB minus a methyl radical is also clearly observed at the 
onset of pyrolysis (1075 K). These initial fragmentation steps are given in reaction 8. The 
p-O=C6H4=O then ejects a CO to form cyclopentadienone at m/z 80 (reaction 9).  
 
Figure 5. The 118.2 nm PIMS resulting from heating a mixture of aproximately 2 Torr p-
dimethoxybenzene in 2000 Torr He (0.1%) in a µtubular reactor. The SiC tube is heated to 575 K 
(bottom trace), 1075 K, 1175 K, and 1475 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
 
 158 
                          (8) 
 
              (9) 
  
 D. Pyrolysis of Syringol: The syringol pyrolysis PIMS spectra are shown in Fig. 
6. At 1075 K, peaks are evident at m/z 138, 110 96, 68 and 15. Reactions 10-12 detail the 
origin of the corresponding products. Reactions 10 and 11 parallel the general reaction 1 
for an aryl ether, as was the case for m-DMB shown in reactions 5 and 6. First, the 
methyl radical is lost from the parent and then CO is ejected from the phenoxy radical 
(reaction 10). As was the case for the m-DMB decomposition, the resulting 
cyclopentadienyl radical contains a methoxy group with a very weak O-CH3 bond. That 
bond is cleaved resulting in a hydroxycyclopentadienone. The hydroxycyclopentadienone 
then loses a CO to form hydroxyvinylacetylene as shown in reaction 11.  
 However, the hyroxy group is active in an alternative decomposition channel. In 
the phenoxy radical intermediate, the hydroxy H atom can easily transfer to the radical O, 
leaving a compound analogous to that observed in the second step of o-DMB 
decomposition (reactions 2 and 3). The same mechanism predicts formation of 
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dihydroxybenzaldehyde at m/z 138. This peak is clearly observed in Fig. 6 at 1075 K. As 
discussed in Chapter 7, benzaldehyde and the hydroxybenzaldehydes lose a CO to form 
benzene or phenol, respectively. The analogous channel is also observed for syringol. 
After formation of the dihydroxybenzaldehyde, CO is lost form the aldehyde group, 
leaving catechol at m/z 110. This is shown in reaction 12. Catechol decomposition was 
covered in Chapter 8 and its decomposition products are observed as minor peaks in the 
high temperature syringol pyrolysis spectra of Fig. 6.  
 
Figure 6. The 118.2 nm PIMS resulting from heating a mixture of aproximately 2 Torr syringol 
in 2000 Torr He (0.1%) in a µtubular reactor. The SiC tube is heated to 875 K (bottom trace), 975 
K, 1075 K, and 1375 K (top trace). Y-axis scaling is done so the most dominant peak in each 
spectrum extends the length of the plot. 
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(10) 
 
 
 
(11) 
 
 
 
 
(12) 
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Appendix A 
 
d5-Phenol Pyrolysis: Comments on Branching Ratios at 1575 K.  
 In Fig. 1 we reproduce the PIMS spectra from the d5-phenol pyrolysis presented 
in Chapter 4.   
 
Figure 1. The 118.2 nm PIMS resulting from heating a mixture of approximately 1 Torr d5-
phenol in 2000 Torr He (0.05%) in a µtubular reactor. The SiC tube is heated to 475 K (bottom 
trace), 1375 K, 1475 K, and 1575 K (top trace). Y-axis scaling is done so the most dominant peak 
in each spectrum extends the length of the plot.  
 
Reaction 1 shows the entire d5-phenol unimolecular decomposition pathway associated 
with the enol/keto tautomerization decomposition reaction. One can see that 
cyclopentadiene (C5D5H) will decompose 1/6 to d5-cyclopentadienyl radical (C5D5; m/z 
70) and 5/6 to d4-cyclopentadieneyl radical (C5D4H; m/z 69). The C5D5 fragments 
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entirely to d2-acetylene and d3-propargyl radical (m/z 42). The C5D4H fragments in ratios 
of 3/5 to d2-acetylene and d2-propargyl radical (C3D2H; m/z 41) and 2/5 to d1-acetylene 
(HCCD) and d3-propargyl radical.   
 
(1) 
 
In the absence of scrambling, the products of the H-loss channel with a d5-phenol parent 
would be fully deuterated cyclopentadienyl radical, propargyl radical and acetylene 
(reaction 2) 
 
(2) 
 
Because of the competing pathways involving cyclopentadienyl radical formation and 
decomposition, it is impossible to determine a branching ratio based on relative amounts 
of the different isomers of cyclopentadienyl radical generated in d5-phenol pyrolysis.  
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However, at high temperatures in which the cyclopentadiene and cyclopentadienyl 
radical products of reactions 1 and 2 have completely decomposed to propargyl radical 
and acetylene, the relative signal of m/z 41 to m/z 42 could be used to estimate a 
branching ratio. 
 The scrambling resulting from cyclopentadieneone formation and the reverse 
reaction that reforms phenol (Chapter 4, reaction 4) inhibits establishing an exact 
branching ratio. Despite the scrambling issue, we can make several important 
observations. First, as seen in Fig. 1 for the d5-phenol decomposition, at the onset of 
pyrolysis (1375 K) the only decomposition product observed is m/z 71, corresponding to 
cyclopentadiene produced via reaction 1. This is a direct indication that reaction 1 is 
predominant at the onset of pyrolysis.  
 As can be seen in Fig. 1, as expected, propargyl radical is produced at both m/z 41 
and 42 corresponding to C3D2H and C3D3, respectively. Reaction 1 shows that for each 
d5-phenol decomposition via direct CO loss, regardless of scrambling, on average 1/2 
C3D2H and 1/2 C3D3 will be produced (1/6 + 5/6 x 2/5 = 1/2; 5/6 x 3/5 = 1/2).  Reaction 2 
shows that each d5-phenol decomposition via H-loss from the hydroxy group without 
scrambling will produce one C3D3. Reaction 3 indicates that after scrambling, each d5-
phenol decomposition via D (or H) loss, will produce on average 1/2 C3D2H and 1/2 
C3D3. Note that it is assumed after the initial enol/keto tautomerization and phenol 
reformation, the d5-phenol molecule that results has a 1/6 chance of being C6D5OH and a 
5/6 chance of being C6D4HOD.  This assumption yields an upper bound for the branching 
ratio k2/k1.  
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(3) 
 
 At 1575 K, our PIMS spectra for phenol (Chapter 4, Fig. 1) and d5-phenol (Fig. 1) 
show that the vast majority of phenol and the fragmentation products cyclopentadiene 
and cyclopentadienyl radical have decomposed to propargyl radical and acetylene. Some 
secondary products from bimolecular chemistry are observed at this temperature. It is 
assumed that the concentrations of all propargyl radical isomers have been reduced the 
same relative amount by bimolecular chemistry.   
 By assigning a scrambling coefficient, X, and measuring the PIMS signal 
intensities for m/z 41 and 42, a branching ratio k2/k1 can be estimated. The scrambling 
coefficient is simply a fraction of the phenol molecules that have undergone scrambling, 
as shown in reaction 3, before fragmenting. Assigning A to the reaction coefficient for 
reaction 1, B to the reaction coefficient for reaction 2 (B/A = k2/k1), X to the scrambling 
coefficient and [41] and [42] to the signal intensities at 1575 K for m/z 41 and 42,  
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! 
[41] = 12 A +
1
2 BX  
! 
[42] = 12 A + B(1"
1
2 X). 
It follows that  
! 
A = 2[41]+ X [41] " [42]1" X  and 
! 
B = [42] " [41]1" X . 
The results are summarized in Fig. 2. 
 
Figure 2. Plot of the branching ratio between reactions 1 and 2 vs. the scrambling coefficient X.  
X is the assumed fraction of initial d5-phenol phenol that undergoes enol/keto tautomerization and 
also keto/enol tautomerization back to phenol. 
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If we assume no scrambling (X = 0), k2/k1 is found to be 0.14. As we increase the 
scrambling coefficient, k2/k1 grows gradually, but is still only 0.34 at a scrambling 
coefficient of X = 0.5.  For scrambling coefficients as high as X = 0.75, reaction 1 is still 
found to be the dominant channel. Thus, according to our results, even if a full 75% of 
the parent phenol undergoes enol/keto tautomerization and then returns to the enol form, 
reaction 1 is still found to be dominant. Considering that a). The matrix spectra, even at 
high temperatures, consistently show the ν(O-H) stretching peak in d5-phenol pyrolysis is 
much stronger than the ν(O-D) peak resulting from scrambling and b). previous 
theoretical work238 shows that after the enol/keto tautomerization, the molecule is more 
likely to fragment via reaction 1 than undergo a reverse tautomerization, we find it very 
likely that the scrambling coefficient is 0.05 – 0.25, corresponding to k2/k1 = 0.14 - 0.20. 
This agrees well with the findings of Horn et al.239 in which it was estimated that k2/k1 < 
0.15 and the results of Xu and Lin in which k2/k1 was found to be 0.14.238  
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Appendix B 
 
The Role of Propargyl Radical in Anisole Pyrolysis 
 
The first traces of propargyl radical (m/z 39 in anisole and d3-anisole (Figs. 1 and 
3 of Chapter 5), m/z 42 in d8-anisole (Fig. 4 of Chapter 5) are observed in PIMS around 
1275 K and propargyl becomes the dominant peak by 1575 K. Several studies have used 
a propargyl-propargyl radical recombination mechanism to explain the observed 
formation of benzene and other m/z 78 species from the decomposition of C2 to C4 
hydrocarbons.109,136,138,187,240 However, several experimental factors indicate that 
propargyl radical recombination is not the main source of benzene observed in our 
anisole pyrolysis experiments. First, in both anisole and deuterated anisole pyrolysis, the 
first traces of benzene appear at temperatures below those at which propargyl radical is 
seen. Second, in d3-anisole, the propargyl radical is non-deuterated and is observed at m/z 
39. However, the m/z 78 peak is much smaller relative to the size of the propargyl radical 
peak than in the non-deuterated anisole compounds (Table 1). This indicates that another 
mechanism must be responsible for the majority of benzene formation and furthermore 
that the mechanism involves methyl radical, a molecule that is the only deuterated 
fragment in the unimoleuclar d3-anisole decomposition and whose additive chemistry 
would lead to benzene formation at m/z greater than 78.   
Table 1: Signal size for the indicated peaks in the anisole, d3-anisole and d8-anisole pyrolysis 
experiments. The last column is the ratio of the signals associated with m/z 39 (propargyl radical) 
and 78 (benzene) for anisole and d3-anisole and the ratio of m/z 42 (perdeutero-propargyl radical) 
and 84 (perdeutero-benzene). The larger ratio observed in d3-anisole indicates that propargyl 
radical recombination does not account for the majority of benzene formation (see text). 
  Signal Size (mV)  
1200 °C  m/z = 39 (42) m/z = 78 (84) Ratio 39/78 
anisole 13.7 3.0 4.5 
d3-anisole 28.5 1.0 28.5 
d8-anisole 29.0 3.0 9.7 
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 To isolate the bimolecular chemistry due to propargyl radical recombination, we 
studied the reactions of propargyl radicals in the µtubular reactor using a propargyl 
bromide precursor in toluene (4:1). Toluene is added as a stabilizer to the commercial 
sample. The results are shown in Fig. 1 and agree very well with a previous study by 
Jochnowitz et al.241 Bromine has an IP of 11.8 eV 155 and is thus not observed in our 
PIMS experiments. One can see a strong toluene peak at m/z 92 in the room temperature 
spectrum.  
 
Figure 1. The 118.2 nm PIMS resulting from heating a mixture of 15 Torr 80% propargyl 
bromide solution in 20% toluene cyclopentadiene dimer (C10H12) in 2000 Torr He (0.75%) in a 
µtubular reactor. The SiC tube is heated to 300 K (bottom trace), 975 K, 1375 K, and 1575 K (top 
trace). Y-axis scaling is done so the most dominant peak in each spectrum extends the length of 
the plot. At 975 K the bromine atom dissociations are nearly complete leaving a clean propargyl 
radical source. 
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Figure 2 shows that pure toluene remains largely stable up to 1475 K (some m/z 91 is 
observed) in the µtubular reactor and will thus not influence propargyl radical chemistry 
aside from a small concentration of hydrogen donor molecules. 
 
Figure 2. The 118.2 nm PIMS resulting from heating a mixture of 12 Torr toluene in 2000 Torr 
He (0.6%) in a µtubular reactor. The SiC tube is heated to 300 K (bottom trace), 1375 K, 1475 K, 
and 1575 K (top trace). Y-axis scaling is done so the most dominant peak in each spectrum 
extends the length of the plot. These spectra show that the toluene solvent in the propargyl 
bromide sample will not cause a great deal of interference until the highest temperatures (> 1475 
K). 
 
 Figure 1 shows that nearly all the propargyl bromide has decomposed by 975 K, 
resulting in a clean source of propargyl radicals. At 1175 K peaks at m/z 78 and 76 are 
observed. These products grow relative to the propargyl radical peak and are clearly 
visible at 1375 K. The m/z 78 is assigned to benzene. The peak at m/z 76 is assigned to o-
benzyne resulting from propargyl radical recombination and loss of two hydrogen atoms. 
Benzyne has been shown to decompose to acetylene and diacetylene at m/z 50 via a 
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retro-Diels Alder process with a barrier of 88.0 ± 0.5 kcal/mol.32 These channels are 
shown in reaction 1.  
      (1) 
The m/z 74 peak at 1575 K corresponds to C6H4 and is likely triacetylene (HCCCCCCH). 
The origin of triacetylene is unclear. 
 Cyclopentadiene can also serve as a source of propargyl radicals. In Fig. 3 we 
show the PIMS spectra resulting from heating the cyclopentadiene dimer in the sample 
probe to increase the partial pressure and therefore the bimolecular chemistry. One can 
see a there is a much richer product distribution than in the case in which only the room 
temperature vapor pressure of CPD dimer was used (Chapter 5, Fig. 6.). In particular, at 
1600 K, a series of peaks at m/z 78, 76, 74, 50 and 39 is observed. These features are 
assigned to the same series of products observed in propargyl bromide pyrolysis (Fig. 1; 
reaction 1). This is expected as CPD also serves as a clean source of propargyl radical. 
The same products are also evident in the anisole pyrolysis PIMS spectra in Fig. 1 of 
Chapter 5. 
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Figure 3. The 118.2 nm PIMS resulting from cyclopentadiene dimer (C10H12) heated in the 
sample probe. The µtubular reactor was backed by 2000 Torr He. The SiC tube is heated to 300 K 
(bottom trace), 1400 K, 1500 K, and 1600 K (top trace). Y-axis scaling is done so the most 
dominant peak in each spectrum extends the length of the plot. 
 
 A study of ratios of relevant peak intensities for anisole and propargyl bromide 
indicates that the benzene produced in anisole pyrolysis is found in a much greater 
proportion than would be expected from propargyl radical recombination. Table 2 shows 
the ratio of the m/z 78 peak to the m/z 39 propargyl radical peak at several temperatures 
in anisole and propargyl bromide pyrolyses. Note that no propargyl radical is observed in 
anisole pyrolysis below 1275 K (Chapter 5, Fig. 1).  
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Table 4: Signal size for the indicated peaks in the anisole and propargyl bromide 
experiments.  The last column is the ratio of the signals associated with m/z 78 (benzene) 
and m/z 39 (propargyl radical).  The larger ratio observed at each temperature for anisole 
pyrolysis indicates benzene formation is largely independent of propargyl radical 
recombination.  
  Signal Size (mV)   
   m/z = 39 m/z = 78 Ratio 78/39 
Anisole 0.55 0.85 1.55 
1000 °C PropargylBr 21.86 2.35 0.11 
Anisole 4.3 2 0.47 
1100 °C PropargylBr 11.95 1.34 0.11 
Anisole 13.8 3.1 0.22 
1200 °C PropargylBr 9.79 1.32 0.13 
 
At each temperature there is much more m/z 78 relative to propargyl radical observed in 
anisole pyrolysis than in propargyl bromide pyrolysis. As the temperature increases, the 
ratio of the m/z 78 peak height to the m/z 39 peak height decreases in anisole pyrolysis 
but increases in pyrolysis of propargyl bromide. These different ratios and trends support 
the interpretation that the primary benzene source in anisole pyrolysis is not propargyl 
radical recombination. These data are even more persuasive considering that the partial 
pressure of propargyl bromide was at least 5 times greater than that used in the anisole 
experiments, allowing for more propargyl – propargyl collisions. At 1475 K, toluene 
pyrolysis showed both propargyl radical and benzene formation, an indication that a 
limited amount of benzene is generated via propargyl radical recombination. 
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Appendix C 
 
Methylcyclopentadiene Kinetics Considerations 
 
 The structures of 1-, 2- and 5-methylcyclopentadiene are shown in Scheme 1 of 
Chapter 5. The thermal dissociation pathways and kinetics of all three isomers have been 
investigated computationally by Lifshitz et al.143,144 and Sharma and Green.173 After the 
first hydrogen atom loss, the most probable pathway to benzene for any MCPD isomer is 
through isomerization to 5-methylenecyclopentadiene followed by ring expansion to 
cyclohexadienyl radical. Subsequent conversion of cyclohexadienyl radical to benzene is 
very fast. Second, methyl radical loss from MCPD is by far the fastest unimolecular 
decomposition channel. However, hydrogen abstraction reactions initiated by methyl 
radical or hydrogen atoms can facilitate the ring opening mechanism.  
 In the absence of collisions with reactant molecules, a simple analysis using kinetic 
parameters provided by Lifshitz et al.143,144 illustrates likely decomposition channels of 
the various MCPD isomers. Computed rate constants at 1275 K show 5-MCPD to be 
approximately 50 times more likely to decompose to methyl radical and CPDR than it is 
to lose a H atom and form methylcyclopentadienyl radical. This difference is more than 
three orders of magnitude when compared to 5-MCPD decomposition to 5-
methylenecyclopentadiene.  
 Collisions with H and CH3 radicals can have a great influence on the MCPD 
decomposition branching ratios. For example, energy barriers for hydrogen abstraction 
from MCPD by atomic hydrogen and methyl radical to form methylcyclopentadienyl 
radical or methylenecyclopentadiene are estimated to be only 10.0 and 11.5 kcal/mol 
respectively and have moderate pre-exponential factors (AH2 = 1014 s-1; ACH4 = 5 × 1012 s-
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1). The PIMS experiment would not be sensitive to the products of such reactions because 
H2 has an IP of 15.43 eV 145 and methane has an IP of 12.6 eV,147 both greater than our 
10.49 eV light. Considering that bimolecular chemistry involving methyl radical has 
already been shown to be significant in our reactor, these abstraction reactions are likely 
important. 
 Another decomposition channel possible for both methylcyclopentadienyl radical 
and methylenecyclopentadiene is C-C bond breaking to form an open C6H7 species. 
Again using kinetic parameters provided by Lifshitz et al.143,144 and taking 1-MCPD as an 
example, we calculate that at 1275 K, 1-methylenecyclopentadiene is more than twice as 
likely to decompose to cyclohexadienyl radical via 5-methylenecyclopentadiene than it is 
to form an open C6H7 isomer. However, this is reversed when considering 5-
methylcyclopentadienyl radical. At 1275 K, this intermediate is calculated to decompose 
primarily to open C6H7 species. Depending on the extent of radical-induced hydrogen 
abstraction, the parent 5-MCPD isomer is expected to produce potentially much more 5-
methylcyclopentadienyl radical than 5-methylenecyclopentadiene. Yet Lifshitz et al.144 
report significantly more benzene production than open C6H6 compounds in their shock 
tube study of MCPD decomposition. This may be due to 5-MCPD loss via its more facile 
decomposition to CH3 + CPDR than compared to the 1- and 2-MCPD isomers, leaving a 
preponderance of the latter two MCPD isomers to decompose to benzene. It may also be 
due to the C6H7 intermediates reforming ring compounds or decomposing further to 
smaller aliphatic hydrocarbons. 
 Based on the above discussion, with all three isomers in Scheme 1 present in our 
reactor, decaying to the four radicals 5-methylcyclopentadienyl and 1-, 2-, and 5-
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methylenecyclopentadienyl, we expect the majority of the C6H6 PIMS signal observed is 
due to benzene. The d3-anisole pyrolysis experiments presented below provide further 
evidence in support of this interpretation. References 143, 144 and 173 contain much more 
detailed kinetics discussion, figures, structures and electronic distributions for the 
numerous intermediates and transition states associated with MCPD decomposition. 
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